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Foreword by Series Editor:
Targeting Causes Rather Than
Treating Symptoms

Pavements are the most ubiquitous imprints left by humans upon the natural land-
scape; the extent of coverage, as described by Bruce K. Ferguson and his contribut-
ing authors Gregg A. Coyle, Ronald Sawhill, and Kim Sorvig in the present book, is
truly shocking. A large body of literature that links impervious surfaces to a wide
variety of environmental problems exists. Indeed, this relationship is so established
that one can truncate the old adage and, regardless of inferred intentions, simply
state that the road to Hell is paved...Period.

Not far from where I live in the Alewife Brook watershed of Cambridge,
Massachusetts (described as the case study in my book Facilitating Watershed
Management: Fostering Awareness and Stewardship) is a region whose premier
characteristic is that it is a sea of pavement. Indeed, it is actually possible to walk for
a kilometer linking up one sprawling parking lot with another, several of which are
of a size large enough to accommodate the landing of a jet airplane! It comes as no
surprise that the nearby stream is the most flood-prone and nonpoint source polluted
river in the eastern part of the State. In contrast, only twenty kilometers away, near
the waters of Walden Pond, which have been empowered by many environmentalists
around the world with near-sacred status (see my edited volume Profitably Soaked:
Thoreau’s Engagement With Water), lies one of the nation’s first successful porous
pavement parking lots (see page 64 and 124—125 in the present book). I well remem-
ber the day, following the 2000 Harvard conference, which gave rise to the first book
in this series (Handbook of Water Sensitive Planning and Design), when Bruce
Ferguson held the interest of a group of hydrologists with his demonstration of pour-
ing water onto and info the asphalt there.

The present book, the sixth in the series by CRC Press — Integrative Studies in
Water Management and Land Development — is the long-awaited and eagerly
sought comprehensive review of porous pavements. The seamless fusion of land-
scape architecture, structural engineering, and hydrology are a perfect fit to the aspi-
rations of this series of books. Herein we learn from Ferguson and his colleagues not
only of the role of porous pavements in reducing the “feast or famine” nature of
urban stream hydrology (in terms of there being either too much or too little water
due to rapid runoff and lack of groundwater replenishment), but also of the role that
such surfaces play in promoting well-watered and healthy trees, microclimatic ther-
mal regulation, quieter and safer streets, and also in creating beauty in our
(sub)urban landscapes.



The breadth of study, exhaustive research, wealth of technical detail, illustrative
and informative case studies, great photographs and clear figures, and diversity of
references and web-pages cited, will ensure that this book will become the standard
reference manual for practitioners. The detailed examination of the various porous
pavement typologies, each given its own chapter, in which strengths and limitations,
maintenance issues, and application suggestions are honestly and straightforwardly
presented, will mean that what Ferguson describes at the start of the book as “the
controversial and technically challenging field of porous pavements” may not be
quite so in the years to come. There is much to learn from these pages, which pro-
vide a clarion call for the imaginative use of porous technologies to mimic natural
landscape functionality and thus alleviate many of the environmental stresses that
plague our developed watersheds. Such an approach that specifically targets the
causes of environmental dysfunction rather than only dealing with the symptoms of
the disease will go far toward promoting healthy watersheds.

And finally, this book makes the point that when consideration is given to related
infrastructure costs needed to alleviate watershed disturbance, porous pavements
may often be the less expensive option in the long run. One final example, again
from the Boston area, illustrates how attention to issues of groundwater infiltration
could have saved thousands of dollars. Many older cities that developed as a result
of filling in their wetlands and coastal areas may look forward with apprehension to
what Boston is now having to address. There, some of the historic buildings,
anchored as in Amsterdam and elsewhere, to massive cribs of wooden timbers buried
deep within the formerly moist ground, are now showing signs of instability. This is
due to the increase in the extent of impervious coverage that has prevented the infil-
tration of water needed to preserve the structural integrity of the crib anchors.
Engineers are now examining expensive methods of artificially injecting water into
the ground to saturate the building foundations. How much simpler it would have
been to have either left more open space free of impervious coverage or to have to
used any of the diversity of porous pavement options that Ferguson and his col-
leagues advance in these pages.

Robert L. France
Harvard University



Preface

Of all the structures built by human beings, pavements are the most ubiquitous. They
occupy twice the area of buildings. And of all the physical features of contemporary
cities they are the most influential. They dominate the quality of urban environ-
ments. In urban watersheds impervious pavements produce two thirds of the excess
runoff. They are responsible for essentially all the hydrocarbon pollutants. They pro-
duce two thirds of the groundwater decline and the resulting local water shortages.
They produce two thirds of the temperature increase in the urban “heat island”. They
determine whether urban trees extend their roots and live, or die.

The polluted quality of urban runoff, the overflowing of combined sewer sys-
tems, the diminishment of water supplies, the wasteful consumption of urban energy,
and the decline and death of the “urban forest” force our attention on the reclama-
tion of paved areas for the benefit of the biophysical environment and the human
beings who live with it.

Porous pavements are those that have built-in networks of void spaces where
water and air pass through. Although some porous paving materials are nearly indis-
tinguishable from nonporous materials in construction and superficial appearance,
their environmental effects are qualitatively different. They cause air, water and heat
to enter different parts of the environment, there to undergo qualitatively different
processes of storage, treatment, and flow.

Porous pavements can allow the oils from cars and trucks to biodegrade safely,
the rainwater to infiltrate the soil, the heat of the sun to dissipate, the groundwater to
be replenished, the roots of trees to breathe, and the streams to flow in dry summers.
A large part of the solution to urban environmental problems is under our feet. By
paying appropriate attention to the everyday materials on which we walk and drive,
we can replenish renewable resources, restore regenerative processes, and produce a
cleaner, healthier, safer, more sustainable world in which to live. Porous pavements
are potentially the most important development in urban watersheds since the inven-
tion of the automobile.

But in most parts of North America porous pavements are outside the ordinary
conventions of urban design and construction. Many people are curious about porous
pavements, and many are skeptical.

PURPOSE AND NEED

This book’s purpose is to give responsible professionals the information they need
to put porous pavement materials into appropriate, informed, beneficial, and suc-
cessful use. With factual knowledge of experience in the field and theoretical under-
standing of underlying mechanisms, individual designers can evaluate one kind of
pavement material against another, participate in responsible professional debates,
and competently and correctly adapt porous pavements to site-specific conditions.



This book is addressed to landscape architects, building architects, urban design-
ers, civil engineers, urban foresters, construction contractors, construction product
manufacturers, city planners, environmental policy-makers, and all others profes-
sionally concerned with urban construction and the urban environment. It supple-
ments basic training in site design, site drainage, construction materials, and
horticulture with the special concepts of porous pavements and their implications for
the urban environment. This is a reference for practitioners who need to update and
expand their applied skills, and a textbook for university classes in site construction,
watershed protection, and sustainable development.

Previous guides to porous pavements have been published as the technology devel-
oped in the last 30 years. For porous asphalt several books emerged when the U.S.
Environmental Protection Agency was supporting research (Thelen et al., 1972; Thelen
and Howe, 1978; Diniz, 1979). For porous concrete the Florida Concrete and Products
Association published fine guidelines based on its seminal experience (FCPA, no date;
Wingerter and Paine, 1989; Paine, 1990). For paving blocks and grids, product licens-
ing and manufacturing groups beginning with Uni-Group USA admirably invested in
research and published the results (Rollings and Rollings, 1992 and 1999), and their
work is now joined by a fine summary manual from the Interlocking Concrete
Pavement Institute (Smith, 2001). This book leans gratefully on those earlier works.
However each previous guide focused on an individual type of material without defin-
ing the field as a whole, and some of the early works are now out of date.

Professionals who have to design sites creatively and cost-effectively to meet
combinations of criteria need an overview of the available materials. They need
information that will allow them to choose and apply materials to meet site-specific
conditions and objectives, and examples of how the materials have fared in a variety
of settings. They need lines of thought for evaluating the feasibility and appropri-
ateness of alternative pavement applications on specific sites.

This book fills the void in the compilation of porous pavement information. It is
the first that has inventoried the range of available materials, arranged them to con-
trast their applications in different types of settings, and related them to the context
of the general site environment. It defines and organizes the field for the first time.

The research for this book consumed seven years, during which I interviewed
170 experienced researchers, designers, and suppliers, read 800 technical articles
and reports, and personally surveyed 270 installations of all kinds of porous pave-
ments in all parts of North America. Near the beginning, Tom Richman of Catalyst
in San Francisco clarified the image of a work that would be immediately usable by
practitioners. In conceiving it and pursuing its completion I have been inspired as
usual by the examples of Albert B. Ferguson and Louise E. Ferguson of the motiva-
tion and discipline to work intensely and joyfully for the good of the community, and
by the example of Ian L. McHarg of moral will to seek new and better ways specif-
ically in environmental design.

ARRANGEMENT AND CONTENT

This book begins with broad basics to establish a foundation for all porous pavement
materials and applications. The first five chapters introduce the types of materials



and arrangements and the roles they play in the urban environment, and outline the
principles of pavement structure, hydrology, and rooting space.

Each of the remaining nine chapters is dedicated to one of the families of porous
pavement materials (those families being defined and distinguished here for the first
time): porous aggregate, porous turf, plastic geocells, open-jointed blocks, open-
celled grids, porous concrete, porous asphalt, “soft” pavement materials, and decks.
Each chapter outlines the nature of the material, the organization of the industry that
supplies it, and its distinctive installation methods, performance levels, and appro-
priate applications.

This book emphasizes practice and experience in North America. North America
has been a leader in some kinds of porous pavements, for example porous concrete,
plastic geocells, the early development of porous asphalt, and now in this book the
recognition of unbound aggregate as a valid and purposeful porous paving material;
for the benefit of workers in all regions of the world this book reviews North
American experience with those materials. In some other kinds of porous pave-
ments, notably those of blocks and grids and recent developments in porous asphalt,
North America has been behind countries in Europe and elsewhere; for the benefit
of North American practitioners this book reviews the nature and availability of
those materials and the growing experience with them.

This book is lengthy because it confronts practitioners’ numerous, challenging,
technical questions about porous pavement. As this book introduces the controver-
sial field of porous pavements to the world for the first time, it is valid that those
questions be asked, and necessary that they be answered.

This book emphasizes factual data from observed experience. Factual on-the-
ground experience supercedes any degree of speculative theory. In the controversial
and technically challenging field of porous pavements, factual evidence must be vis-
ible and accessible. Numerous case studies of specific materials in specific settings
illustrate some features that are models for emulation, and others that are failures
from which we can learn to do better in the future. Where the facts are simply not
known, this book calls for further research. In addition this book cites numerous ref-
erences because such references are the trail of recorded knowledge; they support
specific statements and show where to go for further information. They lead readers
to ongoing sources where they can update product information and obtain applica-
ble industrial standards firsthand.

ADDITIONAL SOURCES OF INFORMATION

Site construction books such as those cited at the end of this preface give additional
general background in pavement construction. The sources listed in Table P.1 pro-
vide updates on the general fields of urban construction and its use in environmen-
tal protection.

Specific paving products mentioned in this book were identified through searches
on the web, exhibits at professional conferences, membership lists of industrial asso-
ciations, and articles and advertisements in professional magazines. Practitioners
must know what is available for their use. However, listing of proprietary products is
for information only; it does not imply any recommendation or endorsement.



TABLE P.1

Examples of Sources of General Information on Sustainable and
Environmentally Restorative Construction

Name Contact Information
Environmental Building News www.buildinggreen.com
Environmental Design + Construction www.edcmag.com
GreenClips www.greenclips.com
Low Impact Development Center www.lowimpactdevelopment.org
American Recycler www.americanrecycler.com
Rocky Mountain Institute WWW.rmi.org
Smart Communities Network www.sustainable.doe.gov
Southface Institute www.southface.org
Sustainable Communities Network www.sustainable.org
U.S. Green Building Council www.usgbc.org
Green Builder www.greenbuilder.com/sourcebook

TABLE P.2

Examples of Multi-industry Information Sources for Updating and Expanding
Lists of Specific Porous Paving Materials

Name Contact Information
CAD Details www.caddetails.com
Erosion Control www.forester.net/ec.html
LA Info Online www.la-info.com
Landscape Architecture www.asla.org/nonmembers/lam.cfm
Landscape Catalog www.landscapecatalog.com
Landscape Online www.landscapeonline.com
Material Connexion Library www.materialconnexion.com
Stormwater www.stormh2o0.com
Sweets www.sweets.com

Additional products and companies surely exist, or could exist in the future. Lists can
be updated and enlarged at any time by re-searching the same types of sources,
including the magazines and multi-industry “catalog” web sites listed in Table P.2.
Industry-specific information sources are given in specific chapters of this book.

ROLES OF PRACTITIONERS

Every site-specific project presents a unique combination of conditions and objec-
tives. Where porous pavements are used, they must be used right. Practitioners must
apply porous pavements with the same degree of knowledge, selectivity, care, and
ingenuity they would bring to any other aspect of any development project. Although
pavements are mundane things, professionals must become accustomed to paying
attention to them in ways they may never have done before.



No statement in this book constitutes a recommendation for any specific site.
The information in this book is intended to be used by design professionals compe-
tent to evaluate its significance and limitations and who will accept the responsibil-
ity for its proper application. With knowledge and care, responsible designers can
adapt pavement materials and configurations to satisfy specific performance criteria,
write appropriate and precise specifications, compare one type of material with
another, objectively evaluate the causes of failure when it occurs, and select and
adapt new types of materials where they are appropriate.

This book does not advocate replacing one rigidly conventional technology with
another, or provide fixed recommendations to be followed blindly into all project
sites. Instead it advocates a complete “toolbox” from which designers can choose
selectively and appropriately in their everyday work. No type of pavement, porous
or nonporous, should be smeared thoughtlessly everywhere. Porous pavements do
not, by themselves, solve all urban environmental problems. But pavements are so
ubiquitous, and the potential effects of making them porous are so fundamental, that
anyone who does not acquire the ability to use porous pavements is not working with
a complete professional toolbox.

Every year the U.S. paves or repaves a quarter of a million acres of land. Today
we are able to answer many of the technical questions that have in the past inhibited
the adoption of porous pavements. It is time now for porous pavements to take their
place alongside other paving materials as alternatives that practitioners can draw on
selectively and knowledgeably in their everyday work.

The potential for porous pavements has built up like an overbalanced snowbank
leaning over a mountain ridge and ready to fall. They say that, when a snowbank is
like that, you can start an avalanche with a clap of your hands: the small sound
makes the whole mountainside quiver and come tumbling down. Perhaps, for porous
pavements, this book will be a clapping of hands.
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Wherever pavements are built, porous pavements can improve the environment in
vital ways. A pavement is any treatment or covering of the earth surface that bears
traffic. A porous pavement is one with porosity and permeability high enough to sig-
nificantly influence hydrology, rooting habitat, and other environmental effects.
“Dense” pavements are those that are not porous. This chapter introduces the mag-
nitude of pavements and the types of effects that porous pavements can achieve for
water, air, living things, and human welfare, alone or in partnership with other
aspects of urban design and construction.

THE MAGNITUDE OF PAVEMENTS IN AMERICA

Figure 1.1 shows the proportion of land covered by built structures in contemporary
urban land-use districts. The dark portion of each column represents pavements; the
white portion represents the roofs of buildings. The data are averages of measure-
ments in the areas of Chesapeake Bay (Appendix D of Cappiella and Brown, 2001)
and Puget Sound (Wells, 1994, p. 11).
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FIGURE 1.1 Built cover in contemporary urban land uses (total built cover from Arnold and
Gibbons [1996]; distribution of pavements and roofs from an average of data in Appendix D
of Cappiella and Brown [2001] and Wells [1994, p. 11]).

The left side of the chart shows dispersed, large-lot residential areas covering 12
percent or more of the land with built construction. Progressing toward the right of
the chart, one finds increasingly intense residential, industrial, and commercial land
uses producing a correspondingly greater built cover. Shopping centers are in a class
by themselves, routinely covering more than 90 percent of the land with built struc-
tures. Pavements occupy 65 to 70 percent of the built cover. In intensely built-up
areas, pavements cover more than half of all the land.

Figure 1.2 analyzes built cover by comparing the areas of building roofs and
three categories of pavements. The height of each column represents the proportion
of built cover occupied by each type of structure. The roof areas of buildings have
white columns; the pavements have dark columns. The three charts show data for
single-family residential, multifamily residential, and commercial land uses. In all
three charts, the white columns for building roofs show that buildings occupy about
one third of the built cover; pavements occupy the other two thirds.

In single-family residential districts the area of street pavements is large because
long streets are necessary to connect the dispersed dwellings. Local streets occupy 69
percent of all road mileage in the U.S. (derived from data in Table No. 1019 of the
U.S. Census Bureau, no date). The parking is residential driveways. In single-family
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FIGURE 1.2 Types of built cover in three land uses (average of data from Wells [1994,
p- 11] and Appendix D of Cappiella and Brown [2001]).

districts the driveways, local streets, and pedestrian sidewalks all have low traffic
loads, so they are all eligible for consideration as porous pavement materials without
structural conflicts.
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In multifamily residential districts the areas of both streets and on-site parking
are substantial. The sidewalks and most of the parking lots in such districts have low
traffic loads, so they are eligible for consideration as porous pavement materials. The
traffic load in the streets could vary from place to place.

In commercial districts on-site parking lots dominate the built cover. Although
public highways in commercial districts are wide, they occupy a small area com-
pared with nearby parking lots. Large portions of parking lots have low or moderate
traffic loads, including most of the parking stalls and all the outer, less-used portions
of parking lots. The low- and moderate-traffic areas are eligible for selective porous
pavement construction.

In summary, these figures show that it is possible to select porous pavement
materials for approximately half of the built cover in most urban land uses.

In a large region such as a county with diverse interacting land uses, the total
amount of pavement depends on the number of people living and working there.
Figure 1.3 shows built cover in relation to population density. The total height of the
curve represents the total built cover in a region. The dark portion represents the area
of pavements; the white portion represents building roofs. These regional values are
lower than most of those for individual urban land uses because they average in a
region’s parks and undeveloped lands along with built-up urban districts. With
increasing population density the amount of built cover increases as the intensity of
streets, buildings, and parking lots increases to support the people.

Figure 1.4 shows the regional amounts of pavement and roofs per person. This
curve goes in the direction opposite from that for coverage of the land: as population
density increases, the amount of built cover per person declines. This is because at
high densities people live and work in multistory buildings that are close together
and require fewer connecting streets, and the population uses public transportation
and parking garages that require less pavement space for the storage of cars.
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FIGURE 1.3 Built cover per land area in large areas such as counties (based on the equa-
tion for “medium” total built cover in Stankowski [1972] and pavements = 2/3 of total).
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The amount of pavement in America is rapidly increasing as urban and suburban
areas expand with the growing population. In recent years the U.S. population has
been growing at a rate of 3.27 million persons per year (derived from data for 1990
and 2000 in American Factfinder, http://factfinder.census.gov). Using an arbitrary
value of 0.05 acres of pavement per person from Figure 1.4, one can conclude that the
country’s paved area is growing at a rate of approximately 250 square miles per year.

PAVEMENTS IN ALTERNATIVE PATTERNS OF NEW DEVELOPMENT

When one is planning the future development of a site or a region, the opposite direc-
tions of the curves in Figures 1.3 and 1.4 present opposing choices between dispersed,
low-density development and concentrated, high-density development. Table 1.1
shows that the choices present contrary arrays of pavement per acre and per person.
The same type of choice applies both within an individual development site and

Pavements RN

Built cover (acre per person)

Roofs

T T T
0 1000 2000 3000 4000 5000

Population density (persons per square mile)

FIGURE 1.4 Built cover per person in large areas such as counties (based on the equation
for “medium” total built cover in Stankowski [1972] and pavements = 2/3 of total).

TABLE 1.1
Implications of Choices in Urban Land-Use Pattern in a Site or Region
Concentrated, Dispersed,
High-Density Low-Density
Development Development
Local concentration of pavement where development is built High Low
Total quantity of pavement to serve a given population Low High

Summarized from Center for Watershed Protection, 1998; University of Georgia School of Environmental
Design, 1997; Richman and Associates, 1997.
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across an urbanizing region. For application in a given specific locale, each develop-
ment pattern has a combination of advantages and disadvantages (Center for
Watershed Protection, 1998; University of Georgia School of Environmental Design,
1997; Richman and Associates, 1997). The selection of each is likely to depend on
site-specific conditions.

In dispersed development including large-lot single-family residences, the quan-
tity of pavement is high for a given number of residents because the area paved for
automobiles to connect to their dispersed buildings is large. However, the effect is
diffuse, and its intensity at any one location is low.

On the other hand, dense development concentrates a given unit of development
on only a portion of the available land. It generates high local concentrations of vehi-
cles and people. But it uses a relatively small amount of pavement to support a given
unit of development while leaving other areas pristine. Within an individual develop-
ment site, a concentrated layout features a “clustering” of dwellings on small lots with
correspondingly short streets and driveways. On a regional scale, concentrated devel-
opment is done with compact mixtures of land uses where everyday needs can be met
within small distances, nonautomotive transportation, and high residential and com-
mercial densities. The total and per capita pavement areas are low. The total runoff
and pollution from a site or a region as a whole are lower than they would be with dis-
persed development. A densely developed area that absorbs a given population
growth is in effect a sacrificial area to preserve the quality of pristine lands elsewhere.

Within any given land-use pattern, the dimensions of necessary pavements can
be minimized within the functional requirements of site-specific traffic and land use.
In commercial districts the required amount of parking is that needed for actual uti-
lization by a specific land use in a specific location; some jurisdictions could reduce
their requirement by 30 percent (Albanese and Matlack, 1999; Willson, 1995). In
residential districts the required street width is that needed for actual utilization by
traffic and on-street parking; some municipalities could reduce their pavement
widths by one third. Half the residential driveway pavements could be eliminated by
reducing the driveways to separate wheel treads, as shown in Figure 1.5.

WHERE NOT TO MAKE PAVEMENTS POROUS

On certain special sites, pavements should remain dense and impervious for the sake
of resource conservation and environmental protection.

On some sites the surface runoff from dense pavements is a resource that can be
“harvested” into special swales or cisterns and used for irrigation or other productive
purposes. Harvesting reduces the amount of freshwater to be imported from munic-
ipal supplies. However, the expense of collecting, storing, and perhaps treating the
harvested water is worth the benefit only in certain limited climatic and site circum-
stances. Harvesting can be done only where the surface is correctly pitched toward
a point of collection or use. The potential uses of the water tend to be limited to those
that are tolerant of low water quality unless a treatment system is added.

On many old industrial “brownfield” sites, dense pavements prevent rainwater
from percolating through old toxic deposits in the soil. This protects aquifers and
streams by preventing the leaching of pollutants out into the environment.
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FIGURE 1.5 A residential driveway reduced to two wheel tracks.

In portions of many sites the necessary provisions for porous pavements that will
be described in Chapter 2 cannot easily be met. The site layout directs clogging sed-
iment onto the pavement surface, or the slope is excessively steep, or the traffic load-
ing is too great. In these areas porous pavements may not be feasible.

Apart from these exceptions, in all land uses, in all patterns of development, on
all types of sites, large areas of pavements are eligible for construction with porous
paving materials. The environmental effects they promise are geographically wide-
spread and functionally multifaceted.

THE PROMISE OF CLEAN WATER

The scene in Figure 1.6 exemplifies the problem that urban watersheds present when
they are developed with impervious structures. It shows a culvert in the densely
built-up Nine Mile Run watershed in Pittsburgh discharging water during a rain-
storm. Before the storm these surfaces, like those in any built-up area, had been
accumulating pollutants deposited from the atmosphere, dripped from vehicles,
leached from metal gutters, and defecated by animals. When the first rain fell, the
watershed’s impervious pavements and roofs turned essentially all of the pollutants
into surface runoff that flushed the pollutants into the stream. As the rain continued,
even though the culvert was big enough to walk through, it flowed nearly full.
Growing volumes of runoff eroded stream banks, destroying habitats and producing
further sediment pollution. Bed materials shifted; banks sloughed in; biota were
flushed out of the chute-like channel. In Pittsburgh and other old cities the floods got
into sanitary sewers, adding overflows of raw sewage to the stream flow.
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FIGURE 1.6 Discharge during a storm from the main Nine Mile Run culvert in Pittsburgh,
Pennsylvania (photo courtesy of STUDIO for Creative Inquiry, Carnegie-Mellon University).

FIGURE 1.7 Discharge from the Nine Mile Run culvert after rainfall has stopped (photo
courtesy of STUDIO for Creative Inquiry, Carnegie-Mellon University).

Figure 1.7 shows the discharge from the same culvert when the rain stopped.
Little flow remained in the stream because there was no water left in the watershed:
it was all flushed out during the storm. Groundwater levels were low. Fish were
gasping for oxygen in the shallow, warm, sluggish water. Some cities were left with
local water shortages.
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Impervious pavements and roofs such as those in the Nine Mile Run watershed
are collection pans that propel runoff and pollutants into streams without conserva-
tion or treatment. The large area that pavements cover, and the automobiles that use
them, make impervious pavements the most significant generators of urban runoff
and pollutants (Arnold and Gibbons, 1996). The water that dense pavements spoil
and discard would, if it were conserved, be capable of supporting the future popula-
tion growth of millions of people (Otto et al., 2002).

Too often the response has been to construct detention basins like the one shown
in Figure 1.8, which illustrates the culvert bringing pulses of surface runoff from the

FIGURE 1.8 Detention basin in the corner of a commercial site.
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shopping center’s impervious roofs and pavements into a reservoir. The basin stores
the runoff briefly so that it discharges slower and slightly later than it would other-
wise. All single-purpose stormwater basins like this one cost money to construct.
The land dedicated to them is lost to the local economy and the life of urban resi-
dents. Detention basins have failed to prevent downstream flooding and erosion, and
have never done anything for water quality, ground water replenishment, or urban
water supplies (Ferguson, 1998, p. 164). Paradoxically, we have specified imperme-
able pavements that flush away runoff, then paid for detention basins to counteract
the pavements’ runoff and pollution, and then paid again to import water supplies to
replace the naturally occurring rainwater we have spoiled and thrown away.

Figure 1.9 shows how porous pavements can protect urban watersheds and
aquifers before off-pavement stormwater basins are necessary. Some water has been
poured on the surface of a porous concrete parking lot. The circular stain indicates that
the water has gone down through the pavement’s pores, and not across the surface.
A porous pavement infiltrates and treats rainwater where it falls. Its pore space stores
water like a detention basin. Almost every porous pavement reduces runoff and
restores infiltration during small, frequent, numerous storms; some reduce runoff also
during rare large storms when downstream flooding would be a severe concern.
Infiltrating water recharges aquifers and sustains stream base flow. The pores house a
microecosystem that filters and biodegrades the pollutants that occurs generically on
residential, commercial, and office pavements; the underlying soil ecosystem is a
backup treatment system that assures high treatment levels. Spreading out stormwater
infiltration and treatment systems over a development site with porous pavements
makes full use of the land’s ability to infiltrate, treat, and store subsurface water.
Porous pavements cure the diseases of urban watersheds and aquifers at the source,
reducing or eliminating symptoms to be treated downstream.

Figure 1.10 contrasts the hydrologic effects of porous and dense pavements. In
newly developing areas porous pavements protect the pristine resources of water-
sheds and aquifers. In old cities, renovating old pavements with porous paving mate-
rials compensates for the inadequacy of old combined sewer systems. Wherever
paving must be done, porous pavement materials bring rainwater back into contact
with the underlying soil. By controlling the fate of precipitation where it falls, they
unify stormwater management and the fulfillment of practical urban needs effi-
ciently in single structures.

THE PROMISE OF LONG-LIVED TREES

In the U.S., over half a million trees are planted every year in densely built-up urban
settings (Arnold, 1993, p. 121). The scene in Figure 1.11 exemplifies the problem
that trees present where they are surrounded by impervious pavements. Trees that
could live for 100 years or more, when planted in narrow pits surrounded by dense
pavement, are found to be dead or dying only seven years after planting (Moll,
1989). Almost all are diminutive in size for trees of their age (Grabosky and Gilman,
2004; Quigley 2004). In the background of the figure are trees planted at the same
time outside the pavement; they have grown into large, healthy trees while those in
the pavement have failed.
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FIGURE 1.9 Infiltration into the surface of the porous concrete parking lot at the Florida
Aquarium in Tampa, Florida.

Where an “urban forest” lives, it replaces carbon dioxide in the air with oxygen
and improves air quality by removing sulfur dioxide, nitrogen dioxide, carbon
monoxide, ozone, and particulate matter (American Forests, 1999; Nowak et al.,
2002; Robinette, 1972; Urban, 2000). Trees cool the air by shading and transpiring;
the cooling may further reduce the air pollution from parked vehicles in parking lots
(Scott et al., 1999; Greg McPherson, personal communication, 2003). Trees reduce
glare, and attenuate noise. They house natural birds and insects. To a city they add
color and gentle movement, and symbolize the presence of nature. Their arrange-
ments frame vistas, screen objectionable views, and define spatial units in “outdoor
architecture” (Arnold, 1993). They enhance worker productivity, reduce stress, attract
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FIGURE 1.10 Contrasting hydrologic effects of dense (impervious) and fully permeable
porous pavements.

customers to commercial districts, and add economic value to property (Wolf, 2003).
The benefits for which trees are planted are fully achieved only when trees grow to
full size and live long lives. American Forests’ City Green software evaluates the
effects of tree cover in individual urban developments and districts. Updates on the
environmental effects of urban trees are available from the U.S. Department of
Agriculture’s Center for Urban Forest Research (http://cufr.ucdavis.edu).

Tree survival and growth require a large rooting zone with free exchange of air,
water, and nutrients. The zone is ordinarily within 24 to 36 inches of the surface.
Tree roots grow by tentatively exploring in all directions with numerous slender
absorbing roots and extending in the directions where they find oxygen and moisture
most abundant (MacDonald et al., 1993).

Tree-planting pits only a few feet wide surrounded by impervious pavements
and compacted soil provide too little volume of aerated, penetrable soil for roots to
grow as trees require. Roots that do penetrate beyond the pit into the soil below an
impervious pavement quickly exhaust the soil’s air because there is no exchange
with the atmosphere; in anoxic conditions the roots fail to function and die. As a
tree’s root system fills the pit’s rooting space to capacity, the growth of the crown
slows and the tree becomes small in stature for its age. But as the crown continues
to grow slowly, it becomes large in proportion to the confined root system that sup-
plies water to it. With a small rooting volume supplying water to the leaves and
branches, the tree becomes drought-stressed and increasingly susceptible to disease
and insect infestations. Confined root space ultimately limits the size and lifetime of
the tree (Watson and Himelick, 1997, pp. 10, 43—44).
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FIGURE 1.11 Dwarfed, declining, and dead sugar maples planted in a densely paved park-
ing lot, seven years after planting.

For a tree in a root space that is only marginally constricted, frequent watering
may for a time compensate for the soil’s small native moisture reservoir (Watson and
Himelick, 1997, pp. 12). Selection of tree species relatively adapted to constricted
and compacted soil can further assist tree health and longevity within the ultimate
constraint of rooting space. References such as those of Arnold (1993), Dirr (1998),
Hightshoe (1988), Trowbridge and Bassuk (2004), Wyman (1965), Watson and
Himelick (1997, p. 19-26), and Zion (1968) evaluate numerous tree species for tol-
erance to conditions such as these, as well as for the heat and air pollution that are
likely to be present in urban districts.

To aerate the soil, a layer of porous aggregate has sometimes been placed under
a dense paved surface; if the aggregate is exposed to the air at intervals, then air
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might move laterally from the uncovered spots to areas under the pavement.
Networks of perforated pipes are intended similarly to distribute air into the soil
zone (Arnold, 1993, pp. 128-130). But these systems are crutches added to over-
come the natural barrier of dense surface pavement.

A porous pavement is a complete and vital way to allow air and water into root-
ing media in densely built-up areas. It allows the exchange of air and moisture
through the pavement surface similar to that in a healthy natural soil surface. The
soil’s moisture regime fluctuates like that in natural soils, with rapid wetting during
rain or snowmelt, followed by evapotranspirative drying and re-aeration, while the
continuous exchange of air with the atmosphere maintains high soil oxygen levels.

Under a porous pavement, it is possible today to construct load-bearing rooting
media made of open-graded aggregate in which the networks of pore spaces are
partly filled with soil for root growth and are partly open for the exchange of water
and air (Watson and Himelick, 1997, p. 44). “Structural soils” like those that will
be described in Chapter 5 combine stone aggregate for the structural support of
load-bearing pavements and porous aerated soil for tree roots. Beneath a porous sur-
face and a porous structural-soil base, the subgrade soil is an additional reservoir of
potential rooting media. For all subsurface rooting media, porous pavement surfac-
ing is essential for the continuous exchange of air and water.

Trees have thrived where they have been given viable rooting zones under
porous pavement surfaces, growing to the full size for which they were intended.
Figure 1.12 shows healthy trees rooted in a heavily used park called The Commons

FIGURE 1.12 Large, healthy honey locust trees rooted in “structural soil” beneath a porous
aggregate pavement in the Metrotech Business Improvement District in Brooklyn, New York,
14 years after installation.
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in the Metrotech Business Improvement District in downtown Brooklyn, New York.
The surface pavement is porous aggregate through which air and water penetrate.
Below the surface aggregate layer is a structural soil combining porous aggregate
and soil. The structural soil extends under the entire paved surface, making a large
rooting zone for the trees while supporting the load of thousands of pedestrians per
day. Porous pavements transform the “urban wasteland” into a thriving habitat for
people and trees together.

THE PROMISE OF COOL CITIES

Built-up areas in the U.S. are typically 2 to 8°F higher than the surrounding country-
side (Akbari et al., 1992, p. 16). Figure 1.13 shows an example at Woodfield Mall, a
shopping center in Schaumburg, Illinois, on a cold, clear, windless evening in 1972
(Norwine, 1973). The large multistory building is surrounded by a dense asphalt park-
ing lot big enough to hold 10,000 cars. In 1972 the mall was newly built; the area
around the mall was still mostly farmland, only beginning its transition to a suburban
commercial district. The contours of temperature show that the built-up area is 2 to
4°F warmer than the unpaved surroundings. The maximum temperature is near the
center where both the pavement and the building contribute to the temperature effect.
The effect is called the urban “heat-island” because on a map like that of Woodfield
Mall, the built-up area appears as an island of warmth; on larger maps entire cities
appear as islands in a sea of cooler rural temperatures.

The heat-island effect is greatest in the late afternoon and evening, and particu-
larly in clear, calm weather. Over 90 percent of the increase in temperature is due to
urban construction materials that absorb and store solar heat without evapotranspi-
rative cooling; only the remaining 1 to 10 percent comes from the active emissions
of vehicles, buildings, and factories (Rosenfeld et al., 1997). A solid structure
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FIGURE 1.13 Contour map of temperature (°F) in the area of Woodfield Mall, Schaumburg,
Illinois, on the evening of March 9, 1972 (after Norwine, 1973).
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absorbs solar heat and conducts it into the depth of the material, making the struc-
ture into a thermal “storage battery.” Late in the day, when the sun’s heat is not so
intense, solid construction materials re-emit their stored heat to the air, raising the
urban air temperature even after the sun has set (Asaeda et al., 1996). Pavements
contribute at least as much as buildings to heat-island formation because pavements
have high thermal inertia at the ground surface (Goward, 1981).

Excess heat has a combination of advantages and disadvantages for cities. In many
cities in temperate parts of the U.S., the heat island reduces the demand for winter heat-
ing by about 8 percent, as indicated by the decrease in “heating degree days,” a meas-
ure of the climatic requirement for heating (Akbari et al., 1992, pp. 16-17; Landsberg,
1981, pp. 119-121). In cities with winter temperatures that hover near freezing, warmer
temperatures reduce the frequency of snowfall and the necessity of snow removal.

However, in the same cities during the summer, the heat-island increases the cli-
matic demand for air conditioning by about 12 percent (Landsberg, 1981,
p- 120). The greater energy consumption needed in cities for cooling than for heating
is magnified by air-conditioning technology, which requires more energy to produce
a given amount of cooling than to produce an equivalent amount of heating. Three to
eight percent of today’s urban electric demand is used to compensate for the heat-
island effect alone. Americans spend about one billion dollars per year for that extra
energy (Akbari et al., 1992, p. 16). With more energy being used, power-plant gener-
ators run faster, polluting the atmosphere with increased carbon dioxide emissions.

Higher urban temperature aggravates air pollution in the city itself. Heat accel-
erates chemical reactions in the atmosphere that transform emissions from cars and
smokestacks into ozone, an irritating gas that is the main ingredient of smog. For a
5°F increase in temperature, the number of ozone-polluted days increases by 10 per-
cent (Akbari et al., 1992, p. 21; Rosenfeld et al., 1997).

City heat also produces a kind of water pollution. The runoff that drains off hot
urban surfaces is correspondingly warm, raising the temperatures of nearby streams
compared with those where the water has passed through cool porous soil. Figure 1.14
shows this effect in watersheds in Maryland. As stream temperature rises, the water’s
capacity to hold dissolved oxygen to support aquatic life declines.

For people outdoors, excessively high urban temperatures are associated with
decreased comfort and are implicated in heat-related health problems including some
deaths of persons with heart conditions (Huang, 1996; Landsberg, 1969, pp. 59-60).

The heat-island effect has a subtle influence on rainfall that could be considered
either an advantage or a disadvantage. During summer thunderstorm conditions, city
heat enhances convective rainfall downwind of city centers. Seasonal rainfall
increases of 9 to 17 percent are possible (Changnon and Westcott, 2002; Changnon
et al., 1991; Huff and Changnon, 1973; Landsberg, 1970).

Limiting the amount of pavement to serve a given unit of urban development
would limit the opportunity for the heat-island effect to occur. Choices in patterns of
development that influence the amount of pavement were discussed earlier in this
chapter. Consideration of the heat-island effect complicates the choice of development
pattern because a dense conurbation with canyon-like complexes of buildings and
streets tends to absorb and store more solar energy than does an isolated complex like
Woodfield Mall as it existed in 1972 (Goward, 1981).
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FIGURE 1.14 Increase in urban stream temperature over background temperature of rural
streams, in the Maryland Piedmont (after Schueler, 1994).

For a given amount of construction, the use of light-colored construction materials
may reduce the buildup of urban heat (Rosenfeld et al., 1997). Light-colored materials
such as concrete absorb less solar heat than do dark-colored materials such as asphalt.

Shading by canopy trees is a powerful and certain way to limit the heat-island
effect (Akbari et al., 1992, p. 21). Tree canopies intercept solar heat before it enters any
“storage battery”” on the ground and actively cool themselves with evapotranspiration.
As described earlier in this chapter, in densely built-up places porous pavements are a
prerequisite for the growing of large, long-lived shade trees for this purpose.

Porous ““grass pavements” actively cool the ground surface with their natural
evapotranspiration. This was demonstrated in Japan, where Asaeda and Ca (2000)
monitored the surface temperature of grass on a warm sunny day in August. At noon,
the grass surface was 18°F cooler than a nearby dense asphalt surface; at 6:00 pm it
was still 14° cooler; at midnight it was 9° cooler. The grass was cooler even at depths
of several feet below the surface. Porous pavements with grass components —
whether grass alone or grass reinforced by geocells or concrete grids — are eligible
for selective use in areas with infrequent traffic. The eligible areas are small and
scattered, but together all the fragments can add up to a significant portion of an
urban district. In some areas the maintenance of living grass would be inhibited by
a requirement of water for irrigation.

In Asaeda and Ca’s study, the 42 percent porosity of the soil in which the grass
was growing may have added a small insulating effect, suppressing the material’s
storage battery effect. However, the cooling effect of the grass was due mostly or
entirely to evapotranspiration of water; in the same study, a nonliving porous pave-
ment material did not have the same cooling effect. The researchers simultaneously
monitored a concrete block’s surface with 30 percent porosity, and found its surface
temperature to be essentially identical to that of dense asphalt all day long.

The thermal similarity of porous concrete and dense asphalt was a surprising
result of the Japanese study because of the concrete’s light color and high porosity.
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Porous materials have less thermal conductivity and thermal capacity than corre-
sponding dense materials (ASHRAE, 1993, pp. 22.6-22.9; Malhotra, 1976, p. Table
13; CRC Press, 2000, pp. 12-204; Geiger, 1965, pp. 29, 145-146; Livet, 1994, cited
in Huber, 2000, p. 24), so they ought to conduct daytime heat downward and hold it
in an internal storage battery less effectively than dense materials. Perhaps on the
clear sunny day of the Japanese study, when radiation was the dominant means of
heat transfer, the dark-colored asphalt was able to radiate its accumulated heat out-
ward at a rate proportional to its absorption of incoming solar radiation, ending up
with the same net temperature as that of the concrete. In these conditions the insu-
lating effect of porous concrete’s air-filled pores might have had no significance. Or
perhaps the advection (movement of air) through the pores of a porous material
counteracts its low thermal conductivity and capacity: in one day a sandy soil can
“breathe” through its surface a volume of air equal to a column 70 feet high, trans-
ferring heat between surface and subsurface (Geiger, 1965, p. 27).

Slightly different results were observed in Ontario (James and Thompson,
1996), where during clear days the surface of a porous pavement of open-jointed
concrete blocks with aggregate joint fill was cooler than that of a nearby dense
asphalt pavement, and at night it was warmer; on average the temperature was the
same. The researchers attributed the difference in temperature between the materials
to the difference in color (albedo). Daytime rain cooled the dense asphalt surface
markedly, but had little influence on the porous concrete—aggregate surface.

Research comparing corresponding porous and nonporous pavement materials,
for example, porous concrete and dense concrete, is called for. Research to confirm
the Japanese result and extend it into other types of weather conditions is needed.
Table 1.2 lists examples of web sites where information on urban heat islands may
be updated in the future.

THE PROMISE OF QUIET STREETS

Traffic noise is objectionable where residential areas adjoin highways and busy
streets. Most people consider traffic noise problematic within 100 or 200 feet of
moderately traveled roads and 500 feet of heavily trafficked freeways (United States
Federal Highway Administration, 1980). The noise of a moving vehicle originates in
the engine exhaust, the flexing of rolling tires, the rumbling of tires that pass over a
rough pavement surface, and the splashing of tires on a wet surface. Engine exhaust
noise is reduced by vehicular provisions such as mufflers; the other noise factors
depend at least partly on the pavement.

TABLE 1.2
Agencies That May Update Information on Urban Heat Islands
Agency Contact Information
National Aeronautics and Space Administration http://science.msfc.nasa.gov/; at that address use

the “Search” command to find “heat island”
Lawrence Berkeley Laboratory http://Eetd. LBL.gov/Heatlsland/
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The bel (B) is a unit for expressing the intensity of sound energy (Webster,
2000). In application the units are recorded in decibels (dB); one decibel is one tenth
of a bel. A decibel compares the intensity of a sound to that of a reference sound on
a logarithmic scale (Truax, 1999). The internationally agreed-upon reference is the
threshold of human hearing, which is assigned a value of 0 dB. One decibel is
approximately equal to the smallest difference in sound energy detectable by the
human ear. The scale extends to the loudest sound the human ear can tolerate with-
out pain at about 120 to 140 dB.

To the human ear, the subjective impression of loudness is modified by a sound’s
frequency or “pitch” (Truax, 1999). The ear perceives a sound with high pitch as
having greater loudness than a sound of objectively similar intensity but lower pitch.
For a measure that simulates the overall impression of loudness perceived by the ear,
the objective sound intensity (dB) is weighted according to frequency, and assigned
the symbol dBA. Figure 1.15 shows examples of dBA for some common sounds.

Other scales of noise have been developed to take additional variables into
account, such as the Traffic Noise Index developed in Britain, which takes into
account both the peak noise levels and the general ambient noise level over a 24-hour
period. Another is the Community Noise Equivalent Level, developed in California,
which weights noises according to social factors such as time of day (on the assump-
tion that evening noises are most annoying), season, type of residential area where
the noise is heard, and previous community experience with similar noises.

One way to reduce the traffic noise that reaches sensitive communities is the
construction of noise barriers in the form of earth mounds or masonry walls.
Properly constructed barriers can reduce noise by 10 to 15 dB. Because the decibel
scale is logarithmic, a reduction of 10 dB amounts to cutting the loudness in half
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FIGURE 1.15 Typical average noise levels for some common sounds (data from Truax, 1999).
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(United States Federal Highway Administration, 1980). However, walls and mounds
require space and funds for construction and are appropriate and feasible only along
certain stretches of freeways.

Porous pavements reduce traffic noise at the source, particularly the noise from
tires. A porous surface both absorbs sound energy and allows some of the air around
tires to be pressed into the voids, dissipating air pressure before any noise is gener-
ated. Noise reduction is particularly effective for high-frequency (high-pitched)
sounds which are perceived relatively loudly. This means that the tire noise from a
porous pavement is both lower in loudness and lower in pitch than that from a cor-
responding dense pavement. Recently installed porous asphalt reduces noise com-
pared with dense asphalt by 3 dBA or more (Huber, 2000, pp. 67 and 9; Kuennen,
1996; Bendtsen and Larsen, 1999).

The intensity of traffic noise tends to rise in wet conditions because the tires force
water noisily across the pavement surface (Shackel and Pearson, 1997). At these
times porous pavements have an additional advantage over nonporous pavements
because the surface of porous pavements is better drained in wet weather and any
puddled water is squeezed through the pores as much as across the noisy surface.

THE PROMISE OF SAFE DRIVING

In wet weather, driving is difficult and dangerous where the pavement is slippery.
The wheels separate from the pavement with hydroplaning, sheets of water obscure
pavement markings, and moving vehicles throw up curtains of blinding mist.

Table 1.3 lists the types of street settings where pavement skid resistance is most
important to safety, based on tests of skid resistance in places where accidents were
reported in Britain. In the “most critical” category of sites are those urban streets
where vehicles turn rapidly around sharp corners or need to stop suddenly as signals
change and traffic backs up.

TABLE 1.3
Relative Importance of Skid Resistance to Driving Safety in Various Urban
Settings

Category of Street Examples
Most critical sites Roundabouts (traffic circles)
(pavement skid resistance is Streets with sharp bends (radius less than 500 feet)
most critical) Steep gradients of greater than 5 percent, or longer than 300 feet

Approaches to traffic signals
Approaches to pedestrian crossings
Intermediate sites Freeways and other roads designed for high speeds
Urban streets with high traffic volume
Other principal roads
Other sites Straight roads with low gradients
(pavement skid resistance is Curves without intersections
of only ordinary importance) Streets with passenger-car traffic only

Sabey, 1968, cited in Croney and Croney, 1998, pp. 470-471 and 483.
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The resistance of almost any pavement surface to skidding of vehicles comes
mostly from the numerous small edges of aggregate particles in the pavement mate-
rial (Croney and Croney, 1998, pp. 471-478). Both dense pavements and corre-
sponding porous pavements possess that kind of friction when they are dry.
However, in wet weather a film of water over a dense pavement’s surface inhibits the
firm contact of tires with the surface. A dense pavement can be particularly slippery
in the first minutes of a rain event (Croney and Croney, 1998, pp. 474—475) because
the lubricants that vehicles drop onto pavement surfaces in the days or weeks before
the rain combine with water in a sheet of water and oil that simultaneously relaxes
the tires’ contact with the pavement and adds a layer of lubricant (the lubricants are
the same petroleum products that show up as “first-flush” pollutants when surface
runoff carries them into streams).

Porous pavements remove water and oil from the surface directly downward
through their pores, preventing surface accumulation. The same pores are pressure-
relief channels where any ponded water escapes from beneath vehicle tires, keeping
the tires in contact with the surface (Diniz, 1980, p. 5). Figure 1.16 shows the result-
ing contrast in friction between porous and dense materials. When wet, the friction
coefficient of dense asphalt collapses to only one fourth of its dry-weather value,
while porous asphalt retains its dry-weather friction value.

In wet conditions porous pavements also improve driving visibility. With no
layer of water over the pavement, vehicles do not kick up plumes of mist from
their wheels. The pavement itself is more visible because of the absence of pud-
dled water. At night, well-drained pavements produce little glare from vehicle
lights.

For these reasons the state highway departments in Georgia, Oregon, and other
states place porous asphalt overlays on their major highways. In wet weather the
porous surfaces improve driving comfort and reduce accidents. In effect, by improv-
ing traffic flow, they increase the capacity of highways without the expense of
widening the roads.
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FIGURE 1.16 Friction coefficients of pavement surface materials (data from Diniz, 1980, p. 27).
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THE PROMISE OF REDUCING COST

The selection of porous pavements in place of dense ones has directly reduced
construction costs in some developments. In most regions of North America, porous
aggregate used alone without binding or reinforcement is the least expensive of all
paving materials, including conventional dense asphalt. Although the low-traffic
places where aggregate can be used are individually small and isolated, they occur
in pockets throughout urban districts, and together represent a large area of pave-
ment. Where aggregate is used in place of other paving materials, the construction
cost per square yard of pavement is immediately reduced.

Where other porous materials are used, they are more expensive, but they are
still capable of reducing construction cost because they perform necessary stormwa-
ter functions that would otherwise have to be accomplished by additional pipes and
reservoirs. Because porous pavements absorb, store, and treat water within the pave-
ment structure, they reduce or eliminate the need for drainage inlets, storm drainage
pipes, and stormwater detention areas. A porous pavement with little or no drainage
structures is commonly less expensive than a dense pavement with the large drainage
and treatment systems it requires.

Even more expensive porous paving materials can reduce the total development
cost by avoiding the larger cost of land acquisition for off-pavement stormwater
management facilities. Figure 1.17 shows an example where a shopping center’s
porous asphalt parking lot protects stream water quality. The stream is visible just
beyond the curb in the background; the shopping center had no additional land for
single-purpose stormwater facilities. The porous asphalt absorbs rainwater and

FIGURE 1.17 Porous asphalt parking lot protecting stream water quality at Exton Square
Mall in Exton, Pennsylvania.
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biodegrades automotive pollutants within the pavement structure; only rarely does
excess stormwater overflow through the surface grate. In valuable, densely devel-
oped locations like this, the selection of porous pavement makes sustainable devel-
opment economically feasible.

Porous pavements have also helped reduce the long-term costs of taxes and fees
required from urban properties. Many municipal stormwater “utilities” and stormwa-
ter management departments impose taxes or fees based on impervious coverage
(http://stormwaterfinance.urbancenter.iupui.edu). Converting pavements to porous,
pervious materials reduces the basis for the tax or fee. Some other agencies reduce
the fees for properties where runoff controls such as porous pavements are installed.

THE PROMISE OF MEETING DEVELOPMENT REGULATIONS

Municipal jurisdictions impose requirements on new developments for their effects
on stormwater, tree preservation, and impervious coverage, all of which can be
partly or wholly satisfied by the selective and appropriate use of porous pavements.
Where developers do not perceive a direct interest for themselves in the effects of
porous pavements, they still have a vital interest in obtaining permission to build.
Information on methods of development regulation is available from the American
Planning Association (www.planning.org).

Governments regulate stormwater quality and quantity during small “first-flush”
storms and large flood-hazard storms. A New York State law specifies soil infiltra-
tion as the preferred approach to stormwater control and “pervious surfaces” as one
of the specific techniques that would fulfill the infiltration goal. The town of Hilton
Head Island, South Carolina, requires that 1 inch of runoff from all impervious sur-
faces be dissipated by percolation into the soil, and expects routinely that part of that
requirement will be met by porous pavements. In Washington State, the Puget Sound
Water Quality Management Plan aims for developments to make no net detrimental
change in natural surface runoff and infiltration and requires municipalities to adopt
stormwater ordinances that make infiltration “the first consideration in stormwater
management.” Porous pavements assist in meeting these regulations by reducing and
detaining runoff, increasing infiltration, and treating water quality.

Some municipalities require preservation of trees over a certain size or planting
of a certain quantity of new trees as part of new developments. In Savannah,
Georgia, this type of requirement has been a major motivation for constructing
porous pavements of blocks, grids, geocells, and porous concrete. Figure 1.18 shows
a grid pavement at a Savannah restaurant, satisfying the city’s requirement for tree
preservation while letting commercial activities move forward.

Some jurisdictions directly limit impervious cover to protect water quality and
the environment in general. Figure 1.19 shows a plastic geocell grid being installed
in a parking lot at a fraternity in Athens, Georgia. The geocell is to reinforce porous
aggregate which will be placed in the grid’s cells. When the fraternity moved into its
new building, a local ordinance required it either to reduce its impervious cover or
to control the excess runoff from impervious surfaces. There was no room for
stormwater control basins on this small in-town lot. So the fraternity made its park-
ing lot pervious by surfacing it with geocell-reinforced aggregate. This provision
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FIGURE 1.18 Open-celled concrete grids filled with porous aggregate preserving live-oak
tree roots at a restaurant in Savannah, Georgia.

satisfied the city’s requirements and permitted the new use to go forward, while pro-
viding the number of parking spaces required for the property’s new use.

THE PROMISE OF PRESERVING NATIVE ECOSYSTEMS

Figure 1.20 shows a boardwalk crossing a fragile marsh ecosystem. A boardwalk is
a porous surrogate for a pavement. It is supported by footings that touch the soil only
at discrete points or lines. Because the decking surface is isolated from the ground,
it preserves the dispersed flows of surface and subsurface waters. Water percolates
through the decking without concentration and infiltrates native soil below. The con-
tinuous flows of water and sediment build ecological equilibrium, rebuild it with
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FIGURE 1.19 Plastic geocell being installed to reinforce a porous aggregate parking lot at
an office building in Athens, Georgia.

changing circumstances, and maintain reservoirs of soil, water, and propagules.
During the construction of a deck the only necessary disturbance of soil and roots is
that for the discrete footings. A finished deck floats suspended through a function-
ing ecosystem.

Figure 1.21 shows a porous concrete road meandering through a pine-forest pre-
serve. Rainwater that falls on the pavement infiltrates the underlying sandy soil as it
did before the road was built. An on-the-ground porous pavement like this is one
degree more intrusive on an ecosystem than a boardwalk, but in return it carries the
weight of cars. For the road in the picture there are no curbs, no gutters, no drainage
inlets, not even any drainage swales: all drainage is immediately downward through
the pavement to the soil, wherever the rain falls, as it is through the adjacent forest
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FIGURE 1.20 Boardwalk over wetland preserve at Huntley Meadows Park near Alexandria,
Virginia.

floor. The trees have a continuous rooting medium with a natural regime of moisture
and aeration. Far below, excess soil moisture replenishes a natural limestone aquifer
whence it discharges as the base flow of streams and the habitat of the preserve’s
aquatic organisms.

THE PROMISE OF BEAUTY

The selection of pavement material sets the stage for the character of an urban place.
Figures 1.22 and 1.23 illustrate pavements of porous grass that “soften” the charac-
ter of the paved areas, making them “green” and consonant with residential com-
munities and relaxed pedestrian activity.

Aesthetics integrates values in which symbolism and functional information are
as important as neatness and attractiveness (Nassauer, 1995). Design is capable of
revealing and integrating. It can embed the solution to environmental problems in
land use, transportation, and the urban way of life. The characteristics of a place can
make the processes through which hydrologic and ecological restoration take place
visible and comprehensible. What a system looks like, how it functions ecologically
and socially, and what it symbolizes in the way of stewardship can be congruent. One
can lay hands on the details of construction materials to bring restorative processes to
every inch of an inhabited place. Permeable materials are visibly distinctive with their
open voids and, in some cases, their living vegetation. Wherever we go in cities, they
can make us conscious of the careful return of water and air to the soil.
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FIGURE 1.21 Porous concrete road amid native longleaf pine and wiregrass at Jones
Ecological Research Center near Newton, Georgia.

Some observers believe that the American landscape is a battleground between
opposing values: those embodied by the machine (control, architecture, technology,
human dominance) and those represented by wild nature (Marx, 1964). Urban pave-
ments are a locus in the struggle to resolve this opposition of values: wherever land
is paved, technological materials displace vegetated soil to exert force and impose
character on urban environments. One type of resolution of this conflict is the pastoral
landscape (Marx, 1964), in which machine-like urban features are dispersed through
nature in a park-like, garden-like “middle landscape.” This compromise, which avoids
the excesses of both sides, has been criticized as losing the full and best aspects of
both (MacElroy and Winterbottom, 1997): dispersed, fragmented, garden-like land-
scapes are neither intensely used by people, nor rioting in natural regeneration.
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FIGURE 1.22 Emergency access lane of grass reinforced by concrete grids at the
Saddleback Church in Lake Forest, California.

Hough (1995) proposed another type of resolution: “living machines” that repre-
sent symbioses between technology and natural process. “Grass pavements” and all
other porous pavements are examples of living machines. They are functional com-
ponents of cities that support the natural processes of the environments they change;
they merge environmental process with urban infrastructure. Percolation through
pavements every time rain falls makes the natural process visible to the people who
live and work in cities. As porous pavements restore natural functions, they also
restore the perceptual connection between environment and society. Unlike stormwa-
ter detention basins and treatment wetlands which are added to development sites
without changing the developments themselves, porous pavements are under people’s
feet all the time. Porous pavements make no distinction between the quality of the
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FIGURE 1.23 Parking of grass reinforced by plastic geocells at the Orange Bowl Stadium
in Miami, Florida, as seen from an adjacent residential street.

environment and the quality of the human life. They give everyone who uses them a
role in restorative environmental processes.
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REFEICICES ... e e e e e eaaeeeeeenas 67

Porous pavements are of various types. Their materials and configurations must be
selected to suit the context and requirements of each specific project. This chapter
introduces the major alternatives in pavement components and materials, and iden-
tifies provisions that should be included in almost any porous pavement application.

POROUS PAVEMENT COMPONENTS

Pavements, porous and dense alike, are assembled from several types of compo-
nents. Table 2.1 defines some potential types of components. Few pavements con-
tain all of the listed components; instead, each pavement has a specific combination
of components to meet its own requirements.

SURFACE AND BASE COURSES

The construction of a pavement in two or more courses (layers) is common.
Differentiating the courses allows each layer to be optimized for the special purpose
it serves in the pavement, and the structure as a whole to be built with the least pos-
sible expense. Figure 2.1 shows a pavement with distinct surface and base courses.

The surface course directly receives the traffic load and the disintegrating effects
of traffic abrasion. It is likely to be made of special, relatively expensive material to

TABLE 2.1
Terms with Particular Application to Porous Pavement Components
Term Definition
Base course Layer placed below a surface course to extend pavement thickness; may be called
simply base
Course Layer in a pavement structure
Filter layer Any layer inserted between two other layers, or between a pavement layer and
the subgrade, to prevent particles of one from migrating into the void space of
the other
Geomembrane Impermeable manufactured fabric; sometimes called liner
Geotextile Permeable manufactured fabric; sometimes called filter fabric
Pavement Any treatment or covering of the earth surface to bear traffic
Overlay Layer applied on top of a preexisting or otherwise complete pavement

Pavement structure A combination of courses of material placed on a subgrade to make a pavement

Reservoir Any portion of a pavement that stores or transmits water; a reservoir may overlap
or be combined with other pavement layers such as base and subbase; sometimes
called reservoir base, drainage layer, or drainage blanket

Subbase Layer of material placed below a base course to further extend pavement thickness
Subgrade The soil underlying a pavement structure and bearing its ultimate load
Surface course Pavement layer that directly receives the traffic load; this layer presents a pave-

ment’s surface qualities such as accessibility, travel quality, appearance, and
resistance to direct traffic abrasion
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FIGURE 2.1 Section through a pavement with distinct surface and base courses.
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FIGURE 2.2 Pavement with a porous overlay.

resist abrasion and provide qualities such as appearance and accessibility. A wide
variety of materials are available to meet the special requirements of surface courses.

A distinct base course builds up the thickness of a pavement with comparatively
inexpensive material in order to spread out the traffic load over the subgrade or to
protect the subgrade from frost penetration. If necessary, a subbase can be added to
further thicken the pavement structure or to store more water as it discharges to a
pipe or infiltrates the soil.

In a dense-surfaced pavement, air and water do not penetrate into any part of the
pavement or soil, although in many dense-surfaced installations the base course is
made of porous aggregate. An impervious surface prevents the pavement as a whole
from functioning as a porous, permeable structure.

OVERLAY

An overlay is any layer applied on top of a preexisting or otherwise complete pave-
ment. Figure 2.2 shows a common type of overlay, consisting of a porous layer over
an otherwise dense-surfaced pavement. Highway departments use this type of over-
lay to enhance a pavement’s surface benefits. The porous layer drains water away
from the surface, improves visibility, increases traction, and reduces noise and glare.
It makes highway driving safer and increases a highway’s capacity to carry large
amounts of traffic without the cost of widening the road. The dense lower portions
of the pavement remain an inexpensive way to support a highway’s heavy traffic
loads. The characteristic thinness of the porous layer, however, limits its treatment
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and the storage of water, and the underlying impervious layer prevents the aeration
of tree roots and the recharge of ground water.

RESERVOIR

A reservoir is any portion of a pavement that stores or conveys water while it exits
through a drainage pipe or into the soil. A reservoir includes all pavement materials
where stored or flowing water occurs with any frequency, even though the same
materials also have a structural function. The storage volume is in the void space
between particles of material. Portions of pavement with this type of function are
familiar in pavement construction (AASHTO, 1986, p. AA-32; 1993, p. I-18;
Cedergren, 1989, p. 350; Mathis, 1989; Moulton, 1980, pp. 87-98; Moulton, 1991,
pp. 12-32—12-43; Nichols, 1991). The reservoir has also been called a drainage layer
or drainage blanket.

Where water stored in a pavement reservoir discharges relatively slowly via lat-
eral pipes, the in-pavement storage reduces downstream flooding and erosion and
the required size of downstream drainage systems. Where water infiltrates from the
reservoir into the subgrade, it reduces downstream storm flows and in addition main-
tains ground water aquifers and stream base flow. As water passes through almost
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Level floor
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Additional base
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FIGURE 2.3 Reservoir in level and sloping pavements.
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any porous paving material, it is treated by filtration and the biochemical activity of
microorganisms.

Commonly, the hydrologic and structural functions of pavement material are
merged into a single uniform layer of material called a base reservoir. A base reser-
voir may be drained by a pipe at a certain elevation, which divides the base into a
rapidly drained segment above the pipe, and a more frequently and persistently wet
segment below where water remains for infiltration. The upper, dry segment is free
of frost hazard and has a primarily structural function. The lower, wetter segment has
equal structural and hydrologic functions.

Figure 2.3 shows how the configuration of a reservoir can vary under level and
sloping pavement surfaces. Under a level surface the reservoir can be a horizontal
layer at the bottom of the pavement. Under a sloping surface the reservoir can remain
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FIGURE 2.4 Examples of lateral discharge from the bottom of a pavement reservoir.
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on a level floor, so long as the additional base material required to take up the dif-
ference in slopes is not prohibitively expensive. On a sloping pavement floor, water
flows down to the low point, so the reservoir is limited to the pavement’s low edge.
The base near the low edge may be specially shaped to enlarge the reservoir.

LATERAL OUTLET

A pipe or any other lateral outlet can discharge excess water from a pavement reser-
voir safely and limit the depth and duration of ponding in the upper segment of the
pavement. The capacity of the outlet controls the rate of discharge. Specific outlet
configurations may be chosen for reasons of maintenance or cost.
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FIGURE 2.5 Examples of lateral discharge from the top of a pavement reservoir.
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FIGURE 2.6 Arrangements for reservoir overflow at a pavement surface.
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FIGURE 2.7 Typical construction of a Cahill edge drain.

Figure 2.4 shows possible outlet arrangements located at the bottom of the reser-
voir. The outlet drains potentially all of the water laterally, leaving little or none to
infiltrate the subgrade. Water enters a lateral pipe through perforations in either the
pipe or the walls of an inlet structure. An inlet structure permits monitoring and
maintenance access.

Figure 2.5 shows outlets for discharge that overflows at the top of the reservoir.
Amounts of water that exceed the storage capacity of the reservoir and the infiltra-
tion rate of the subgrade discharge laterally through the outlet. The reservoir below
the lateral discharge area retains water for infiltration into the subgrade. A trench
constructed at the edge of a pavement could enlarge the reservoir economically.

Figure 2.6 shows outlets that overflow at the pavement surface. Water rises in
the reservoir and discharges at the pavement edge when the quantity of water
exceeds the infiltration rate of the soil and the storage capacity of the reservoir. This
arrangement is appropriate in regions where there is limited frost hazard, on sites
with limited traffic load to stress-saturated pavement material, or in settings of cli-
mate and soil where the water would be expected to rise to the surface only seldom.
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The provision of an aggregate edge at the side of a pavement keeps overflows off
the pavement surface.

Figure 2.7 shows the more detailed construction of an aggregate edge as prac-
ticed by Cahill and Associates (www.thcahill.com) in their many installations of
porous asphalt in the mid-Atlantic area. This construction is also used as a backup
inlet into the base reservoir in the event of any clogging or overloading of the pave-
ment surface.

FILTER LAYERS

Filter layers are layers inserted between two other layers, or between a layer and the
subgrade, to segregate their materials. Segregation is needed in some pavements to
maintain the porosity and structural integrity of each layer. Filter layers can be made
of intermediate-size aggregate. Alternatively, they can be made of geotextiles, which
are fabrics that are permeable to water but that inhibit the movement of small parti-
cles; they are informally called filter fabrics. In some pavements, a geotextile adds
tensile strength to the pavement.

LINERS

Some porous pavements are lined at the bottom to prevent the infiltration of water
into the subgrade. The technical term for plastic lining sheets is “geomembranes”,
which refers to manufactured impermeable fabrics (ASTM D 4439; Koerner, 1998;
Rollings and Rollings, 1996, pp. 428—429). Where the soil under a porous pavement
would swell during moisture fluctuations, a liner stabilizes the structure. Where the
soil contains toxic chemicals, a liner prevents infiltrating water from leaching them
into the environment. Where great thickness of pavement structure would be neces-
sary to compensate for a subgrade made soft by infiltrating water, a liner could be a
cost-saving alternative. In some projects a liner turns the base course into a reservoir
of harvested water. The stormwater management functions of a lined pavement are
limited to detention and water-quality treatment, not soil infiltration.

POROUS PAVING MATERIALS

This book arranges porous paving materials in nine general types or families. A care-
ful choice of material is essential to fit a pavement to a project’s functional, envi-
ronmental, appearance, and cost requirements. The nine families are introduced here
with summaries of their advantages and disadvantages. Later chapters will review
their properties and applications in detail. Table 2.2 lists some terms with particular
application to pavement materials.

POROUS AGGREGATE

Aggregate is any mass of particulate material such as gravel, crushed stone, crushed
recycled brick, or decomposed granite. Single-size particles create an aggregate
mass with 30 to 40 percent void space; such “open-graded” material can be
extremely permeable to air and water.
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TABLE 2.2
Terms with Particular Application to Pavement Materials
Term Definition
Aggregate Any mass of particulate material
Asphalt (asphalt concrete) Aggregate bound by asphalt cement
Block Solid piece of material used as a construction unit
Concrete (Portland cement concrete) Aggregate bound by Portland cement; or generically, aggre-
gate bound by any type of cement
Geocell Plastic lattice that forms a web of cells
Open-celled grid Block or slab containing openings through its entire thickness

Aggregate is by far the most ubiquitous material in pavement construction. It is
the most common material in pavement base courses; in that role alone it is a major
component in most kinds of pavements. Single-size aggregate is also the principal
component of porous asphalt and porous concrete, and is used as porous fill in the
open cells and joints of paving blocks, grids, and geocells.

Unbound open-graded aggregate is used directly as a surface course in very low-
traffic settings such as residential driveways, lightly used portions of parking lots,
and lightly used pedestrian walkways. Locations for it must be selected carefully in
order to avoid displacement by traffic. Figure 2.8 shows an appropriate application
in the parking lot for a riding stable, where the traffic is intense only on event days.

Aggregate surfaces are distinctively applicable in settings with freezing or
swelling soil, because deflections from heaving are not noticeable on the aggregate’s
irregular surface. In some installations, maintenance is required from time to time to
level the surface and replace lost material.

In appropriate settings, unbound aggregate has important advantages simultane-
ously for economics and the environment. In most regions, aggregate is the least
expensive of all firm surfacing materials. At the same time, the high porosity and
permeability of single-size aggregate make it the most favorable of all pavement
materials for restoring watershed hydrology and tree rooting habitat. Aggregate
materials are available from natural and recycled sources at low energy cost.

Porous TURF

A turf surface is a “green” open space. It is also in effect a pavement that supports
pedestrian or vehicular traffic. Figure 2.9 shows turf used for overflow parking at a
large retail store. Turf’s permeability is positive as long as it is not compacted by
excessive traffic; healthy turf actively maintains soil permeability by building soil
aggregation. The transpiration of living grass actively counteracts potential urban
heat islands.

Locations for turf use must be selected to avoid compaction by frequent traffic.
It is particularly easy to damage where the topsoil is plastic clay, since wheels and
heels can dig into it in wet weather. On the other hand it is distinctively applicable
in settings with swelling soil or frost heave, because subgrade deflections are barely
noticeable on its irregular surface. Turf has been used without reinforcement for
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FIGURE 2.9 Turf surface for overflow parking at a Home Depot store in Brandon, Florida.

lightly used garden walks and parking at frequencies of up to once per week. With
reinforcement by geocells, grids, or blocks, it adds its living “green” look and flex-
ible surface to settings with heavier or more frequent traffic loads.
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All turf must be regularly maintained with mowing and some degree of fertil-
ization and irrigation; this is the inherent cost of a living “green” surface. Because
maintenance must be scheduled, turf should be used only where traffic can be con-
trolled or is predictably scheduled, such as in an office, church, or in event parking;
it should not be used in a multifamily residential parking area that could be in use at
any hour of any day. A particular turf variety must be selected for the climate, soil,
and shade in each specific setting.

PLASTIC GEOCELLS

Plastic geocells are manufactured lattice-like products that hold aggregate or topsoil
in their cells, inhibiting displacement and compaction. Geocells extend the use of
aggregate and turf into more demanding traffic settings than they could bear alone,
including portions of commercial and institutional parking lots and emergency access
lanes. Figure 2.10 shows an appropriate example in the parking lot of a small office.

Most plastic geocells are flexible, so they are adaptable to sites with swelling or
freezing soil. In most models the plastic ribs occupy a very small portion of the sur-
face area, so the surface permeability, temperature, and visual appearance are essen-
tially those of the grass or aggregate fill. Many geocell models are made partly or
wholly from recycled materials.

OPEN-JOINTED PAVING BLOCKS

Paving blocks are solid units of concrete, brick, or stone laid side by side to bear
traffic loads. The models that can be used to make porous pavements are shaped

FIGURE 2.10 Plastic geocell with turf fill at the Southface Institute in Atlanta, Georgia.
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FIGURE 2.11 Open-jointed block pavement at sidewalk tree plantings at the Harbourfront
Community Centre in Toronto, Ontario.

to produce open joints between adjacent units. Porous aggregate or turf in the
joints gives the pavement its porosity and permeability. Figure 2.11 shows an
example.

Many block products are remarkably durable, giving their installations long life-
times and low life-cycle costs. They can bear very heavy traffic. A block surface with
correctly open-graded aggregate in the joints can be highly permeable. However,
block pavements are more expensive to construct than some other types of pave-
ment. They are sensitive to deformation in the base or subgrade, so in a setting with
deep frost they may require a thick base course to prevent heaving; over swelling soil
they may require a lining to prevent water from infiltrating into the soil.



Dimensions of Porous Pavement Installations 47

OPEN-CELLED PAVING GRIDS

Open-celled paving grids are units of concrete or brick, which are designed with
open cells that can be filled with porous aggregate or turf. The units are laid side by
side like blocks. The resulting surface is a gridwork of solid ribs or pedestals com-
monly an inch or more wide, alternating with cells of aggregate or grass. Figure 2.12
shows an example.

The type and condition of the aggregate or grass in the cells strongly influence the
surface appearance of the grids. Where infrequent traffic and good maintenance allow
grass to spread over the ribs, the pavement can have the impression of a “green” open
space and be smooth enough for walking comfortably. Where grass is poorly maintained
or the cells are filled with aggregate, the irregular surface can make walking difficult.

Although paving grids require relatively expensive paving materials, they play a
valuable role in selected settings. Many models are durable and long-lived. Many
can bear the loads of heavy vehicles. In emergency access lanes and seldom-used
parking stalls, the grass in the cells provides permeability and a lawn-like look while
the strong ribs support heavy vehicles on the rare occasions when the pavements are
called into use. Grid pavements, like those of paving blocks, should be protected
from heaving or swelling soil.

Porous CONCRETE

Porous concrete is made of single-size aggregate bound together by Portland cement,
cast in place to form a rigid pavement slab. It is a subtle variation of conventional

FIGURE 2.12 Concrete open-celled grid draining the edge of a courtyard pavement at
Olympia City Hall in Olympia, Washington.
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FIGURE 2.13 Porous concrete parking stalls at Finley Stadium in Chattanooga, Tennessee.

dense concrete, requiring a special specification and an experienced installer. Figure
2.13 shows an example.

Porous concrete is moderately high in initial cost but the long life of properly
installed material can make its life-cycle cost low. Porous concrete’s durability in
cold climates has not yet been proven; it can probably be enhanced by treatments
such as “air entrainment” and polymer fiber reinforcing. It is intolerant of swelling
soil because it is susceptible to cracking.

Properly installed porous concrete is appropriate for both the low traffic loads of
driveways and walkways, and moderate traffic loads such as those of commercial
parking lots and residential streets. It can be made to accommodate remarkably
heavy traffic loads. The finished material can have substantial porosity and perme-
ability. It forms a firm level surface that is universally accessible.

POROUS ASPHALT

Porous asphalt is made of single-size aggregate bound together by bituminous
asphalt binder. Asphalt is a familiar and inexpensive paving material, but porous
asphalt is a subtle variation of conventional dense asphalt, requiring a special speci-
fication. Figure 2.14 shows an example of the material.

Numerous installations have proven that porous asphalt’s permeability can be
high. However, some installations have suffered from clogging by the asphalt binder.
Where the binder is too fluid or the bond between the binder and the aggregate is
weak, the binder can drain gradually from the pavement surface downward through
the pavement’s pores, accumulating into a clogging layer inside the structure, and
leaving the surface particles unbound.
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FIGURE 2.14 Porous asphalt parking lot at the Centre County-Penn State Visitor Center in
State College, Pennsylvania.

In Europe and the U.S. several highway departments have developed technology
to stabilize the binder and assure that porous asphalt has a long, useful life. Their
motivation is the unusually safe and continuous travel that is possible on highways
with well-drained, high-traction porous asphalt overlays. Their positive results ben-
efit applications of porous pavement everywhere. As updated technology becomes
more widely available, it makes porous asphalt a reliably durable choice in porous
paving material for a wide range of common urban settings.

SOFT PAVING MATERIALS

The category of “soft” paving materials includes any granular material from an organic
or recycled source such as bark mulch, crushed shells, or rubber granules. These
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FIGURE 2.15 Wood mulch walkways in the Melvin Hazen Community Garden in
Washington, District of Columbia.

materials are exclusively suited for areas of very light traffic, such as pedestrian
walkways, lightly used residential driveways, equestrian ways, and very lightly used
parking stalls. Figure 2.15 shows an example in the walkways between garden plots.

“Soft” materials can be highly appropriate in naturalistic, historic, or informal
settings. Where they are suited to the local environment and traffic load, they can
bring gentle beauty and integration with the organic life of the soil. Under excessive
traffic the particles could be displaced, or crushed and compacted into an impervi-
ous mass. Some soft materials are unstable in windy open places or under concen-
trated surface runoff.

The cost of specific materials varies with their regional availability. Their embed-
ded energy costs vary with their extraction and recycling histories. The infiltration



Dimensions of Porous Pavement Installations 51

rates of installed materials vary greatly; durable single-size particles and resilient
organic materials have the greatest permeability.

DEcks

Decks and boardwalks are surrogates for pavements. They are bridge-like structures
built on footings that suspend them over the soil surface. They leave the soil below
almost entirely free for rooting and water infiltration. They are completely perme-
able to air and water as long as their decking components are perforated or spaced
apart from each other. Figure 2.16 shows an example.

Decks and boardwalks can bear substantial pedestrian traffic without compact-
ing the underlying soil. In certain instances they can bear vehicular traffic. They are
suited to all kinds of freezing and swelling soil conditions, because their footings can
be seated below the active soil zone with the structure spanning above. They are
uniquely suited to steeply sloping sites and to sites where the native soil, tree roots,
or ecosystem dynamics are to be very conscientiously protected.

Decks and grates can be made from a variety of natural, manufactured, and recy-
cled materials. Their durability varies with the material and its preservative treat-
ment. Decks made of wood can have an informal outdoor character; those of metal
and reinforced concrete appear more urban and structured. The principal disadvan-
tage of decks and grates is their cost, which can be high compared to some common
pavement materials.

EXAMPLES OF SELECTIVE APPLICATION

Each material and configuration of porous pavement can be successful only in cer-
tain types of locations within a project site. In order to fully achieve the advantages
of cost, permeability, appearance, and stability, it is imperative to analyze a site’s

FIGURE 2.16 Boardwalk over the restored Spring Peeper Meadow wetland in the
Minnesota Landscape Arboretum, Chanhassen, Minnesota.
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traffic patterns, topography, use schedule, and expected maintenance provisions,
to identify the microsettings where each type of material would be completely
appropriate.

Almost every paving installation described in this book exemplifies the selective
use of materials, providing lessons in how selection could be improved in the future.
The following case studies pointedly exemplify sites where selective choices have
been made using diverse paving materials for specific purposes. Based on these stud-
ies, pavements of different types have been logically applied in settings defined by
traffic and use.

OFFICE PARKING, MEDFORD VILLAGE, NEW JERSEY

A clear and simple example of selective application is a parking lot in Medford
Village, New Jersey, made partly of porous aggregate and partly of conventional
dense asphalt. This parking lot is one of many that crowd the alleys and back lots of
the village’s historic center to serve offices, storefront shops, and upstairs apart-
ments. Almost all of them are partly or wholly of porous aggregate to satisfy with an
economical material the objectives established in an environmental study of
Medford Township by Ian McHarg and his colleagues (Juneja, 1974).

Figure 2.17 shows the parking lot in 1996 (it was still extant in 2004). It bears the
moderate daily traffic load of a small office. The traveling lane is of dense asphalt,
which is a well-known material and a structurally reliable response to the traffic load;
it successfully resists the abrasion of many vehicles moving and turning per day. In
contrast, the parking stalls are of open-graded crushed stone to infiltrate rain water
into the soil. The particles are stable under the stalls’ limited, slow-moving traffic. The
aggregate is at once highly permeable, and less expensive than the nearby dense
asphalt. The 3/4 to 1 inch particles make an adequately walkable surface. A concrete
wheel stop at each stall organizes the parking and keeps vehicle wheels a foot or two
from the aggregate edge, protecting the edge from displacement.

The aggregate absorbs both the direct rainfall on the parking stalls and the
runoff from the traveling lane. The parking lot as a whole infiltrates rainwater as if
the entire surface were permeable. Surface water essentially never occurs in the
parking stalls due to the aggregate’s very high permeability.

The vegetated swale shown in Figure 2.18 receives the parking lot’s overflow
during occasional large storms. Water that reaches the swale has already been
reduced, detained, and cleaned in the pavement structure. In the swale it has a fur-
ther chance to slow down, infiltrate, and be treated.

CARDINAL RIDGE, MEDFORD, NEW JERSEY

A more complex example of selective application is in the residential setting of Cardinal
Ridge, a community of 77 single-family homes in an outlying part of Medford
Township. The community as a whole uses an aggressive combination of porous sur-
faces to satisfy the township’s objectives to infiltrate stormwater into the soil and to
preserve the native oak-pine forest (Juneja, 1974; Palmer, 1981, pp. 97-119; Ferguson,
1994, pp. 228-231).
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FIGURE 2.17 A parking lot for a small office in Medford Village, New Jersey, selectively
combining dense asphalt and porous aggregate.

Each home has a driveway of porous crushed-stone aggregate like the one shown
in Figure 2.19. The use of porous aggregate in place of conventional dense asphalt
reduced the cost of home construction. In a visit to Cardinal Ridge about 20 years
after the community was built, compaction of the wheel tracks was visible on the
driveway surfaces, but not displacement of aggregate particles.

Outside the driveways’ timber edging the native forest floor is scrupulously pre-
served, supporting a woodland canopy that shades and cools the pavements. In turn,
the infiltration of air and water through the porous pavements supports the plants and
trees. Encroachment of vegetation from the sides of the driveways has been very lim-
ited, because the only species in the native wooded setting are slow-growing forest
species, and the deep forest shade suppresses germination of weed seeds.
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FIGURE 2.18 A vegetated swale draining aggregate parking stalls in Medford Village, New
Jersey.

FIGURE 2.19 Porous aggregate driveway in the Cardinal Ridge residential community in
Medford, New Jersey.
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The homes’ outdoor patios are pervious wooden decks. Residential walkways
are of porous wood mulch, well-spaced paving stones, or stone aggregate.

The public streets are of conventional dense asphalt, a structurally reliable
response to the streets’ moderate traffic load. The street pavements however, are
minimized in width to preserve adjacent vegetated soil and the woodland canopy it
supports. The length of the impervious streets, and thus the area of their pavement,
was minimized by the arrangement of houses in clusters of small lots. Natural
swales draining the small amount of runoff from streets and roofs contain small
check dams to give the water one last chance to slow down and infiltrate into the
woodland soil.

PIER A PARK, HOBOKEN, NEW JERSEY

Pier A Park in Hoboken, New Jersey, exemplifies an aggressive combination of
porous pavements in a very heavily used pedestrian setting. The park was con-
structed on a former shipping pier projecting into the Hudson River, where spec-
tacular views of Manhattan attract thousands of walkers and joggers daily. The
concrete pier is the park’s impervious “bedrock,” upon which growth of the park’s
turf and 97 London plane trees is vital to the park’s public success. To provide a
rooting zone, the pier is overlaid with a layer of “structural soil” rooting medium
combining aggregate and soil (Arnold, 1993, pp. 128-129; Arnold, 2001;
Arnold/Wilday, 1997; Henry Arnold, personal communication, 2001; Thompson,
2001). The layer is 18 inches in thickness under a lawn and increases to 48 inches
under trees.

Above the rooting zone, the entire surface of the 5.1-acre park is a mosaic of
porous surfacing materials to support different levels of pedestrian traffic. Figure
2.20 shows the park’s combination of surfaces: aggregate in the foreground, turf in
the middle ground, and blocks in the background. The porous pavements and their
structural-soil base give air and water to tree roots while allowing park users to walk
directly under the trees without compacting the root-zone soil.

Waterfront views attract heavy pedestrian traffic to a broad perimeter walkway
made of blocks. The blocks have 1/4-inch-wide joints filled with single-size aggre-
gate. The blocks are placed up to the tree trunks without tree grates; trees are seem-
ingly planted in the block pavement itself. As the tree bases grow the blocks can be
lifted out. Blocks of selected colors and sizes form panels and patterns in the walk-
way surface.

In the center of the park is a large panel of single-size aggregate with a canopy
of closely spaced trees. The aggregate’s small, angular particles make a level, firm,
smooth surface that supports moderate to heavy foot traffic during summer events in
the shade of the trees where grass would not grow well. Benches, public restrooms,
and play equipment support the use of the space. The surface permeability is high.

The remainder of the park is a large lawn for creative play. Recreation brings
moderate foot traffic to the grass at all times of year. A few trees grow at the lawn’s
northern edge; the remainder of the lawn is open so that sunlight can reach the grow-
ing grass. Trees and grass together extend their roots naturally through the topsoil
and the underlying structural soil.
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MiTCHELL CENTER ARENA, MOBILE, ALABAMA

The parking lot at Mitchell Center Arena in Mobile, Alabama, exemplifies an aggres-
sive combination of porous paving materials in a large parking lot. The arena houses
events such as basketball games and concerts about once a week in season. It is
located on the campus of the University of South Alabama, in a part of the city with
poor storm drainage and low-lying neighborhoods subject to urban flooding (Rabb,
1999). At one particularly busy intersection, fatal auto accidents had been attributed
to flooding by runoff from the campus. When the arena was constructed, the limita-
tion of runoff at the source in the new 438-car parking lot was an economical alter-
native to reconstruction of the city’s streets and storm sewers. Consequently, the
entire parking lot is constructed of selectively located porous aggregate and porous
turf, all reinforced by appropriate models of plastic geocells.

The parking bays are of porous Bermuda turf reinforced with “Grasspave?” geo-
cells. Bermuda grass is used even for the accessible (handicapped) parking stalls,
where, in the limited traffic of those stalls, it is in excellent condition and makes a
uniform surface for walking. Figure 2.21 shows an example. The other parking
spaces close to the building are used daily by about 25 staff and 100 students. In
those spaces, frequent traffic and shade have weakened the sod and have required it
to be replaced twice in four years. In the remaining spaces the grass has grown thick
and healthy under traffic that is only occasionally intense (Andy Lindsey, University
of South Alabama, cited in project profile at www.invisiblestructures.com).

FIGURE 2.21 Parking bay of turf reinforced with plastic geocells at Mitchell Center Arena,
University of South Alabama, Mobile, Alabama.
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The parking is organized primarily by the alignment of the bays. Wheel stops
were added to internal bays to prevent vehicles from cutting across the grass. Each
bay is a shallow swale that drains any overflow runoff to a grate inlet at one end.

The turning lanes are of single-size crushed limestone aggregate 3/8 inch in size
reinforced with “Gravelpave?” geocells. The lanes carry moving, turning traffic that
would be too frequent for grass. Heavily used walkways are of similar reinforced
aggregate. Some loose aggregate particles have migrated onto the edges of the grass
parking stalls, but not enough to alter the character or use of the grass surface. The
aggregate is noticeably displaced out of its geocells only at the one spot where
almost all vehicular traffic turns to enter the parking lot from a dense asphalt access
road. A more detailed analysis of the layout might have identified these few square
yards as requiring firmer surfacing, whether porous or dense, to bear the large
amount of traffic.

A 12-inch-wide concrete band defines the edges between grass bays and aggre-
gate lanes and sets aside “islands” for plantings at the corners. It expands into a
raised curb at the parking lot’s perimeter.

The construction of Mitchell’s porous paving system costs about twice as much
as conventional dense asphalt (Rabb, 1999). However, the total cost of site develop-
ment was less than it would have been with dense asphalt, because no off-pavement
drainage structures were necessary. The porous grass and aggregate infiltrate rain-
water into the parking lot’s sandy, permeable subgrade. During storms, the parking
lot produces only a small fraction of the runoff that would be produced by conven-
tional dense asphalt, accommodating the capacity of city storm sewers and protect-
ing nearby streets.

PROVISIONS FOR ALL POROUS PAVEMENT APPLICATIONS

Almost any porous pavement application requires certain provisions which would
not necessarily be anticipated in applications of conventional dense pavements. The
following provisions are not complicated, but they are special for porous pavements
and vital to their success.

SELECTIVE APPLICATION

By far the most vital and universal requirement is to analyze a site to identify the set-
tings in which specific paving materials and configurations would be beneficial. No
kind of pavement — porous or nonporous — should be built thoughtlessly. The pur-
pose is to put the right type of pavement in each type of place. The case studies
described above are the outcome of making this kind of distinction.

A site can be analyzed as soon as a draft site plan is available showing the loca-
tions of streets, parking, walkways, patios, and other areas that require paving to bear
traffic. Those areas’ types and the frequencies of traffic define microenvironments
where different paving materials and configurations would be appropriate. One can
distinguish lightly trafficked streets from heavily trafficked ones. From within indi-
vidual streets, one can distinguish driving lanes from parking lanes, within parking
lots, one can distinguish parking stalls from driving lanes, and frequently used areas
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from those used only for overflow or event parking; and from among walkways one
can distinguish accessible routes from general routes. In all paved areas, one can dis-
tinguish different needs for tree rooting, appearance, cost, and hydrology.

One can distinguish pavements that are steeply sloping (perhaps over 5 percent)
from those that are gently sloping. On steep slopes, surfaces of grass and unbound
aggregate are susceptible to erosion by traffic or runoff. Beneath the pavement sur-
face, water flowing rapidly through an open-graded base may erode the subgrade soil.

One can distinguish the special maintenance regimes that exist on different sites.
On sites with established grounds maintenance crews such as sports stadiums, parks,
campuses, and golf courses, grass-based paving is a practical possibility. In munici-
palities where road crews spread sand or cinders for winter traction, an all-porous
pavement may be impractical for public streets under the load of clogging material.

DRAINAGE AT PAVEMENT EDGES

Where earthen slopes abut porous pavement edges, the slopes must be drained and
downward away from the pavement in every possible direction. The purpose is to
preserve the pavement’s porosity and permeability by preventing sediment from
being washed onto the surface. A porous pavement should ordinarily not be used to
absorb drainage running toward it from off-pavement areas; it should be used to
infiltrate only the rainwater that falls on it.

Figure 2.22 illustrates this provision along the edge of a porous concrete road in
a new park. The picture was taken soon after the road was installed, and while the
surrounding soil was still being graded for sports fields. The soil was eroding freely;

FIGURE 2.22 Edge of a porous concrete road in Webb Bridge Park, Alpharetta, Georgia, in
1998.
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flowing sediment was visible through a roadside drainage swale. If the sediment
were to flow onto the pavement, it would clog the surface before the road was even
put into service. The road edge is properly shaped to prevent that. Pavement drainage
is downward into a swale on the side of the road shown in the picture and down the
hill slope on the other side. In every direction, sediment drains down eroding slopes
without entering the pavement’s pores.

The only exception is a limited amount of runoff from clean impervious roofs and
pavements. Where such additional runoff is brought into a pavement for storage or infil-
tration, the amount must be added to the pavement’s inflow in any hydrologic model.

Sediment, debris, and overflow runoff that get onto a pavement surface should
be allowed to wash freely off the pavement edge. Figure 2.23 shows an installation

FIGURE 2.23 Sediment on a porous concrete parking area surrounded by raised curbs at an
office building in Hobe Sound, Florida.
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of porous concrete where a raised curb was added, it was supposed, to pond up water
and force it into infiltration through the pavement. But vehicles tracked in sand and
overhanging vegetation contributed organic debris. Wind and water carried the sed-
iment and debris to the foot of the curb where the ponding of water forced them to
accumulate into a solid layer on the pavement, clogging the pores and reducing infil-
tration. To allow debris to be washed off the pavement, raised curbs should be
avoided as far as possible, particularly on the downslope edge of a pavement. Where
raised curbs are necessary they should be constructed with numerous cuts or gaps to
let drainage through. Paradoxically, in order to preserve and maximize infiltration, a
porous pavement must be designed to overflow freely.

A porous pavement needs safe provision for occasional overflow as does any
other component of a drainage system, either from the surface or via a pipe above
the reservoir.

Where a porous pavement abuts a dense pavement, drainage from the base of the
porous pavement into that of the dense pavement must usually be prevented. Dense
pavements are seldom designed in anticipation of water in their bases; excess water
could soften the subgrade or pose a freezing hazard, leading to the settlement or
heaving of the dense pavement structure. Where a porous pavement slopes toward a
dense pavement, it should be separated by a strip of concrete or other material like
that illustrated in Figure 2.24.

PROTECTION OF PAVEMENT DURING FURTHER CONSTRUCTION

It is a common occurrence in site development that after a pavement is installed, the
grading, landscaping, and construction of buildings continue for some time. During
this time construction materials are stored and moved about, rainfall erodes unvege-
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FIGURE 2.24 Alternative configurations at an edge between a porous pavement and a dense
pavement.
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FIGURE 2.25 Construction sand spilled onto a porous concrete parking lot during erection
of an adjacent wall.

tated soil, and construction vehicles and personnel track mud all about. Until all con-
struction is completed and the site is stabilized, mobile sediment poses the hazard of
clogging a porous pavement surface.

Project specifications should direct construction traffic away from installed
porous pavements to eliminate the tracking of sediment. When sediment is deposited
on a pavement surface despite precautions, it should be immediately removed by
vacuuming or other means.

Construction sand must be prevented from spilling onto a completed porous
pavement. Sand-producing materials could be stored away from porous pavement
surfaces, or on protective sheets placed over a pavement surface. Figure 2.25 shows
how important a provision like this can be. In the instance shown in the picture, the
sand was effectively removed from the pavement pores by vacuuming.
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Where earthen slopes drain down toward a porous pavement surface, the erod-
ing soil must be prevented from washing onto the surface using sediment barriers
such as silt fences or compost berms. The barriers should be kept in place until the
ground is stabilized by thoroughly established vegetation.

Some potential sources of trackable soil can be eliminated by placing pavement
subbase material over all planned traffic areas immediately upon initiating a project.
This keeps traffic out of the mud during construction and prevents compaction of the
underlying soil. Pavement base and surface materials can be added after all other
construction is complete, the site is stabilized, and construction equipment is with-
drawn from the site.

APPROPRIATE SPECIFICATION

Project specifications describe the types and qualities of materials and configurations
desired for a pavement. They guide contractors in the submission of competitive bids
and regarding compliance with requirements. Large public projects subject to com-
petitive bidding require full formal specifications for bidding to be uniform and fair.
Small private projects subject to little regulation may get by with less formality or
thoroughness, leaving contractors to work out many details on the ground. Various
approaches to the writing of specifications are a combination of advantages and dis-
advantages (Beery, 2002; Nichols, 1991, pp. 15-2—-15-3). Different approaches are
appropriate for different projects and for different parts of a single project.

“Descriptive” (or “design” or “method”) specifications dictate materials the
contractors must use and the procedures they must follow. With them the writer of
the specifications definitely controls a project and takes responsibility for project
performance. Commitment to this type of specification requires a thorough knowl-
edge of the relevant materials and methods, and of the project site. A “proprietary”
specification is a particularly narrow descriptive specification that designates a man-
ufactured material in terms of its brand name or proprietary source. A proprietary
specification may be forbidden in a public project because it precludes competition
from other products, but it can be written to allow substitutions subject to approval
by the designer or the client.

“Performance” specifications describe desired qualities in measurable terms such
as permeability and strength, leaving methods and even materials up to the contractor.
They can be enforced through testing at specified stages in the project, using specified
test methods. The specifications invite innovation from contractors in ways that pro-
duce the desired outcomes and to deal with site-specific problems. They place respon-
sibility on the contractor for the project’s performance. Their implementation requires
the availability of competent contractors who are capable of problem-solving.

A “reference” specification makes reference to an established and publicly
accessible industry or jurisdictional standard. The reference incorporates the stan-
dard in the project specification as if it had been written in its entirety. It expedites
project completion where local suppliers are organized to deliver standard products
and local contractors understand their uses. It assures compliance with a legitimate
benchmark and is legally required, where a local jurisdiction will accept only those
specifications it has already adopted as standard.
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A given standard, however, is not necessarily a universal measure of quality; it
is ultimately applicable only in specific types of application. Under no conditions
should standards be blindly perpetuated from one project or jurisdiction to another.
Standards must be skeptically critiqued and appropriately modified for application
to each specific project; each designer is ultimately responsible for the specifications
for his own project. On the other hand, on diverging from an accepted standard, one
should be able to state exactly the circumstances that require the divergence. One
should not reinvent a new “wheel” for every project as if there were no standards.

Table 2.3 lists examples of sources of standard specifications for porous pave-
ment. Libraries of specifications are accessible through web sites such as CADdetails
(www.caddetails.com), LA-Info (www.la-info.com), Landscape OnLine (www.land-
scapeoneline.com), and Landscape Catalog (www.landscapecatalog.com). ASTM
and AASHTO standards may be available on-line from third-party services such as
Normas (www.normas.com) and IHS Engineering (www.ihserc.com).

The Construction Specifications Institute (www.csinet.org) promotes uniformity
in specification format. The institute’s CSI Format for Construction Specifications
(Construction Specifications Institute, 1996) arranges information in a hierarchy of
categories and subcategories. The objective is to eliminate repetitions and omissions
by placing a given piece of information in a given standard location. CSI’s section
02795 is Porous Paving. The hierarchy’s numerical system allows the addition of
special specifications for specific jobs.

The American Institute of Architects (www.aia.org/masterspec) and the
American Society of Landscape Architects (www.asla.org/nonmembers/master-
spec.html) have implemented the CSI format in the Masterspec guideline specifica-
tion system. For a given project the system suggests options for wording each
required CSI section in accordance with contemporary technology and provides
links to information about products and standards.

TABLE 2.3
Examples of Sources of Standard or Guideline Specifications for Porous
Pavement

Pavement material Source of specification Contact information
Open-graded aggregate State highway agencies Varies from state to state
Open-graded aggregate ASTM International www.astm.org
Open-graded aggregate American Association of State Highway www.transportation.org

and Transportation Officials (AASHTO)
Porous turf Turfgrass Producers International www.turfgrasssod.org
Plastic geocells Individual manufacturers Listed in Chapter 8
Paving blocks and grids Interlocking Concrete Pavement Institute www.icpi.org
Paving blocks and grids National Concrete Masonry Association WWW.NCma.org
Porous concrete Florida Concrete and Products Association ~ www.fcpa.org
Porous concrete Georgia Concrete and Products Association =~ www.gcpa.org

Porous asphalt Oregon Department of Transportation www.odot.state.or.us
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CONTRACTOR QUALIFICATIONS AND COMMUNICATIONS

It is advantageous, and even essential for qualified and experienced contractors to
supervise the installation of the different types of porous paving. Contractors can
prove specialized competence by possessing certification from an authoritative
industry association or by placing a test panel before proceeding with the rest of a
project. Criteria such as these can be used to prequalify contractors before they are
allowed to bid on a project.

Thorough communication with the contractor is essential. Contractors must
understand what is to be done and why compliance with specifications is essential.
Owing to the lack of communication and oversight, shoddy contractors can circum-
vent project objectives and even well-meaning contractors can err in astonishingly
unexpected ways.

Cahill (1993, p. 22; 1994) has emphasized the following practices based on his
experience as an engineer for numerous porous asphalt installations:

State prominently and repeatedly in plans and specifications the special
nature and purpose of each distinctively porous material.

Meet with the contractors in person to review the specifications and make
sure the contractors understand the objectives.

Oversee the contractors and any testing laboratory to make sure the objectives
are carried out; the necessary oversight must be budgeted into the design
project.

Maintain a written record documenting review and approval at critical proj-
ect stages such as excavation of the subgrade and quality checks of base and
surface materials.

Inspect the site to make sure construction vehicles are not allowed to traverse
the excavated subgrade or pavement structure at any inappropriate stage.
Forbid construction traffic from tracking soil onto the finished pavement sur-

face.

The introduction of soil or debris not included in the specifications to bring the
pavement up to level or for any other reason must be explicitly forbidden.

APPROPRIATE MAINTENANCE AND SIGNAGE

Written and verbal communication to a porous pavement’s owner or manager should
make clear the pavement’s special characteristics, its purposes, and the special main-
tenance practices that may be required.

In cold locations the maintenance regime must prohibit sanding. Application of
sand or cinders can be a gross source of clogging sediment. A maintenance program
that does not include sanding must be agreed to by the owner or manager even before
the decision to design a porous pavement is made.

“Seal coats” must be absolutely forbidden. Applications of semifluid materials
clog surface pores.
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THESE PARKING AREAS ARE PAVED WITH

POROUS PAVEMENT
- PAVEMENT THAT LEAKS
SINCE 1977, IT HAS RAISED THE LOCAL
WATER TABLE WHILE REDUCING EROSION.

POLLUTION, AND THE NEED FOR STORM
DRAINS OR ROAD SALT.

A BROCHURE IS AVAILABLE.
A DEMONSTRATION PROJECT BY

MASS.DEP. & MASS. DEM.

FIGURE 2.26 Informational sign at a porous asphalt parking lot at Walden Pond State
Reservation in Concord, Massachusetts.

TABLE 2.4

Holders of Registered Trademarks Mentioned in This Chapter

Registered Trademark Holder Headquarters Location
Grasspave® Invisible Structures Golden, Colorado
Gravelpave? Invisible Structures Golden, Colorado

Permanent signs or stenciled messages can identify a porous pavement and its
purposes. They can educate the public about what such potentially unfamiliar mate-
rials are for and discourage improper disposal of oil and other fluids. The signs can
remind maintenance crews about the special restraint that needs to be taken in
maintaining them, specifically warning them away from sanding or applying seal
coats.

Figure 2.26 shows an informative sign at a porous asphalt parking lot at Walden
Pond State Reservation in Massachusetts. It educates the public about what the dis-
tinctive material is for. It could be made even more useful by cautioning about the
special restraint that needs to be taken in using and caring for this pavement’s
surface.

TRADEMARKS

Table 2.4 lists the holders of registered trademarks mentioned in this chapter.
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important considerations in pavement structural design and the kinds of treatments
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TABLE 3.1
Examples of Types of Distress That Pavement May Experience
Mode of Distress Contributing Factors
Displacement or wide cracking Repeated loading or braking by vehicles; temperature and
moisture changes
Distortion Repeated loading; swelling soil; frost heave; differential

settlement; temperature and moisture changes
Disintegration Traffic abrasion; freeze-thaw effects on material; loss of binder;
chemical reactions; weathering

Adapted from U.S. Departments of the Army and Air Force, 1992, p. 18-2, and ASTM D 6433.

that can be used to respond to them. Later chapters will describe the requirements of
specific porous paving materials.

Table 3.1 lists some of the types of distress that a pavement may experience, and
the traffic and environmental factors that can contribute to them. The condition of a
pavement tends to decline over time as the surface displaces, deforms, or disintegrates
(AASHTO, 1993, pp. I-7-1-10; Rollings and Rollings, 1991). After a while it may
require some sort of rehabilitation. If a pavement were to fail prematurely it would
not be catastrophic like the collapse of a building or the failure of a dam, but it would
represent a financial loss and a nuisance to the public. A failure of even a sidewalk or
parking lot could translate into financial liabilities such as personal injury, vehicle
damage, increased maintenance, or premature replacement costs. The objective of
pavement structural design is to produce a structure that will maintain a desired con-
dition for an acceptably long time. It does so by fitting pavement materials to the traf-
fic load imposed from above, and to the bearing value of the soil below.

THE LOAD OF TRAFFIC ON PAVEMENT

The cumulative total traffic load on a pavement comes from the intensity of individ-
ual load events (pedestrian, automobile, heavy truck, or other load), and the quantity
of events over time. Table 3.2 defines some terms with distinctive application to
traffic load.

A combination of different loads is commonly expressed in terms of a standard
reference vehicle. Each vehicle is related to the reference vehicle by its equivalent
wheel load (EWL) or equivalent single-axle load (ESAL). A reference unit com-
monly used in the United States is ESAL of 18,000 pounds (18 kip); this is the load
from one axle of a rather heavy truck (AASHTO, 1993, pp. I-10-I-11). For compar-
ison, many passenger cars place only about 1500 pounds on each axle.

The effect of traffic load on pavement deterioration increases with ESAL raised
to the fourth power (AASHTO, 1993, pp. I-10-I-11). Thus, one axle of a large truck
bearing 18,000 pounds has more than 20,000 times the pavement-deteriorating effect
of one axle of a passenger car bearing 1500 pounds. Most experimental observations
of pavement performance have been under heavy traffic loads, including numerous
trucks, for guiding the design of busy streets and highways. On the scale of such
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TABLE 3.2
Some Terms with Distinctive Application to Traffic Load
Term Definition
ADT Average daily traffic (number of vehicles): ADT is most precise when it is speci

fied separately for each of the two travel directions on a street; when only a single
value is given it is assumed to represent the sum of traffic in both directions

ADV Average daily volume, the same as ADT

ESAL Equivalent single-axle load; in the U.S., this is commonly specified as the traffic
load on a pavement equivalent to a single-axle load of 18,000 pounds

EWL Equivalent wheel load; analogous to ESAL

kip 1000 pounds (one kilo-pound)

single-axle load  The total load transmitted to a pavement by all wheels of a single axle extending
the full width of a vehicle

AASHTO (1993); U.S. Department of the Army and Air Force, 1992.

observations, the loading of automobiles on ordinary parking lots, driveways, and
residential streets is almost zero (Croney and Croney, 1998, p. 52).

Stress due to traffic is cumulative over time. In the pavement design procedure
of the American Association of State Highway and Transportation Officials
(AASHTO, 1993), the number of predicted ESALSs is summed over the pavement’s
expected lifetime, for example 20 years. When the design lifetime expires, the pave-
ment is assumed to require some sort of rehabilitation.

Designing for high cumulative traffic load (high ESAL, high ADT, and long
pavement life) produces a pavement that will stand up for a long life of rugged serv-
ice, but in return the cost of the construction of a thick, strong pavement structure
must be borne. Designing for low cumulative load yields a pavement that will be
inexpensive to build, but if its design assumptions are unrealistic it will begin to
show wear within a relatively short period of time. The degree of willingness to bear
a high initial cost for the purpose of prolonging pavement life is specific to each pro-
ject’s client and setting.

THE BEARING OF LOAD BY SUBGRADE

Subgrade is the soil underneath any pavement structure, bearing the ultimate load
of the pavement and its traffic. Subgrade originates as naturally occurring earth,
previously disturbed urban soil, or artificially placed fill. This section briefly sum-
marizes some soil characteristics that are relevant to pavement design. Further
information is available in technical references such as those listed at the end of this
chapter, including the concise PCA Soil Primer (Portland Cement Association,
1992) and the elucidative book by Rollings and Rollings, Geotechnical Materials
in Construction (Mc Graw-Hill, 1996). Table 3.3 defines some terms with distinc-
tive application to subgrade.

Although the subgrade is a pavement’s ultimate underlying support, it is also
ordinarily the weakest structural component in or around a pavement. One of the
major purposes of a pavement structure is in effect to protect the subgrade from
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TABLE 3.3

Porous Pavements

Some Terms with Distinctive Application to Pavement Subgrade

AASHTO

ASTM
Atterberg limits

Bulk density

CBR

Cohesion
Density

Fines

Fraction
Gradation
Horizon
Internal friction
Liquid limit

Moisture content

NRCS

Optimum
moisture content

Plastic limit

Plasticity

Plasticity index

Proctor

Profile

SCS

Shrinkage limit

Sieve number

(gage number)
Soil structure

Subgrade

American Association of State Highway and Transportation Officials
(www.aashto.org)

American Society for Testing and Materials (www.astm.org)

The moisture contents at which a soil changes physical state or
consistency, including the shrinkage limit, the plastic limit, and the
liquid limit, together named for the scientist who developed this system of
testing and characterization

The density of an entire granular material, counting the volume of both the
solid material and the voids

California Bearing Ratio, a measure of bearing value in soil or other material

The tendency of some soil particles to bind together

Weight per volume

Small (“fine”) soil particles such as clay and silt

Portion of a granular material that passes a given sieve size

The combination of mineral particle sizes making up a soil; soil texture

Distinctive layer in a soil profile

The resistance to sliding of one soil particle against another

The moisture content at which a soil changes from a plastic state to a liquid
state

The amount of moisture in a soil, expressed as a percentage by weight of the
soil’s oven-dry weight

Natural Resources Conservation Service, a branch of the U.S. Department of
Agriculture; until 1992 this agency was called the Soil Conservation
Service (SCS)

The moisture content of a given soil at which a given compactive effort
produces the maximum compacted density

The moisture content at which a soil changes from a semisolid state to a
plastic state

A material’s tendency, when subjected to pressure, to deform as a body rather
than cracking or crumbling

The numerical difference between the liquid limit and the plastic limit; the
range of moisture content at which a soil is in a plastic state

Test of soil density achieved by a given compactive effort at varying soil
moisture contents, named for the scientist who developed this type of test

Vertical cross section of soil layers

Soil Conservation Service, the former name of the Natural Resources
Conservation Service (NRCS); many local soil surveys were published by
this agency while it was called by this old name

The soil moisture content at which, during drying, a soil ceases shrinking
while further drying continues

Size of opening in a sieve for measuring the size of particles; ASTM
designates a standard size for each sieve number

Aggregation of soil particles into composite patterns such as blocky, platy,
or granular; this term should not be confused with texture or strength
characteristics

Surface of earth or rock that receives the foundation of a pavement structure
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TABLE 3.3 Continued

Swelling soil Soil that expands with increase of moisture content

Texture (soil texture)  The combination of mineral particle sizes making up a soil; soil gradation

Unified classification — The soil classification system developed jointly by the U.S. Army Corps of
Engineers and U.S. Bureau of Reclamation, and subsequently standardized
by ASTM

USDA United States Department of Agriculture

Portland Cement Association, 1992; Soil Survey Staff, 1993.
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FIGURE 3.1 Diffusion of traffic load with depth in pavement.

the load. It does this by spreading the load over the subgrade to the extent that the
soil can bear the load without deforming. Conceptually, from a point at the pavement
surface where a load is applied, the load spreads out in a cone downward through the
thickness of the pavement. As shown in Figure 3.1, with increasing depth, the load
diffuses across the cone’s width and the maximum pressure at the center declines,
thereby protecting the subgrade. In an area with substantial winter frost or swelling
soil, the thickness of a pavement also supplies insulation and weight that counteracts
the soil’s tendency to heave.

GENERAL CHARACTERISTICS OF SUBGRADE SOILS

Natural soils vary from place to place, so the unique characteristics of each site’s
subgrade must be understood as a basis for that site’s design.

The individual mineral particles in soils vary greatly in size. Figure 3.2 shows
that the terms clay, silt, sand, and gravel are used consistently to refer to the same
relative size ranges. However, their exact definitions vary among classification
schemes established by various organizations. The general term “fines” applies to
the smallest particles such as silt and clay.

Physical and chemical differences accompany differences in particle size. Clay’s
extremely small particle size gives it a correspondingly large surface area per volume
of soil. Natural clay mineralogy is that of complex aluminum silicates. The particles
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FIGURE 3.2 Particle size classes defined by three organizations; note that the horizontal
scale is logarithmic (after Portland Cement Association, 1992, p. 6).

are commonly mica-like in shape. They bear surface charges to which ions and water
are attracted, and which can bind particles together into larger soil aggregates.

In contrast, natural silt, sand, and gravel particles tend to be composed mostly of
inert minerals such as quartz. Silt particles are irregular in shape; they often occur sur-
rounded by an adhering film of clay. Sand and gravel particles are large in size and low
in surface area per volume; they are variously angular or rounded, depending on their
history of fracturing and weathering and they tend to function as separate particles.

The combination of mineral particle sizes in a soil is its texture or gradation.
Table 3.4 defines some general types of soil gradations.

Figure 3.3 illustrates the triangular graph that USDA uses to categorize soil tex-
tures based on proportions by weight of sand, silt, and clay. Fine-grained categories
are shown near the clay and silt corners, coarse-grained ones toward the sand corner.
Loam appears near the center of the graph. USDA uses the presence of larger stone
sizes such as gravel only as a modifier of the basic classification given by the three
main particle sizes.

An additional constituent of many natural soils is organic matter. The proportion
ranges from essentially zero in subsoils and some arid-region topsoils to almost 100
percent in bogs. Organic matter is characterized, like clay, by small particles, large
surface area per volume, and surface charges to which ions and water are attracted.

Moisture content is ordinarily expressed as a percentage of a soil’s oven-dry weight
(Portland Cement Association, 1992, p. 13). It is determined by weighing the soil in its
moist condition, then weighing it again after drying with standard drying heat and time.
The difference between the two weights is the content of water in the original, moist
soil. That weight divided by the soil’s oven-dry weight is the moisture content.

Bulk density is the overall density of a soil, counting voids and solid particles
together. It can be expressed either as wet density (including some water in the void
space) or dry density (oven-dried with only air in the voids).
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TABLE 3.4
Some General Types of Soil Gradations
Term Definition
Fine-grained (fine-textured) Continuous grading of sizes, with predominance of fines; such a
soil can be plastic, cohesive, and slowly permeable
Dense-graded (well graded) Continuous grading over a wide range of sizes including a su

stantial quantity of fines; such a soil can be dense, slowly pe
meable, and highly stable

Coarse-graded (coarse-grained, Continuous grading of sizes, with predominance of coarse
coarse-textured) particles such as sand; such a soil can be stable
Loam A mixture of all three mineral particle sizes (sand, silt and clay) in
more or less balanced proportions
Single-sized (open-graded, Graded to a narrow range of particle size with few, if any, fines,
poorly graded) leaving open void spaces between the coarse particles; dominance

by gravel and sand can make such a soil highly porous and pe
meable, well-drained, nonplastic, and loosely granular
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FIGURE 3.3 Texture classes defined by USDA (after Portland Cement Association, 1992, p. 7).

Soil particles are aggregated together in patterns that vary with texture,
mineralogy, climate, and history of compaction. The term “soil structure” is used
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technically in this sense and should not be confused with texture or strength char-
acteristics. A platy soil structure can be inherited from an underlying parent mate-
rial. Prismatic and columnar structures can occur in arid and semiarid climates.
Block structures can occur in humid regions and granular structures in extremely
sandy subsoils.

SoIL CHARACTERISTICS THAT INFLUENCE BEARING VALUE

The stability or bearing value of a soil under a load is a composite of behavioral pat-
terns governed by the physical and chemical attributes of individual particles and the
overall gradation in the presence of varying amounts of moisture. Among the many
behavioral patterns that interact to influence bearing value are internal friction, cohe-
sion, and plasticity.

Internal friction is the resistance to the sliding of one particle against another.
In gravel and sand internal friction tends to be high, no matter what the moisture
content. In clay internal friction is usually low, but can vary greatly with moisture
content.

Cohesion is the tendency of particles to bind together due to attractive molecu-
lar forces and tensile moisture films. The cohesion of sands free of clay and other
fines can be close to zero. Cohesion in clays varies in complex ways with moisture
content. It is low in pulverized, powder-dry clay. It increases as clay’s moisture con-
tent is increased until the material becomes plastic; then it declines with the further
addition of moisture. But if wet clay is oven-dried, the last remaining tight films of
moisture can hold the clay grains together so firmly that a hammer is required to
break the particles apart.

Plasticity is a material’s tendency, when subjected to pressure, to deform as a
body rather than cracking or crumbling. Moisture increases plasticity and reduces
strength by suspending particles away from each other. A soil with substantial clay
content exhibits plasticity because of the large number of water films surrounding
the numerous small clay particles. The particles slide over each other, shearing the
soil mass while the interconnecting water films stay intact. Plasticity can be experi-
enced firsthand when a handful of moist fine-textured soil is “worked” in the hand.
The quantitative level of moisture at which a soil changes physical state from solid
or granular to plastic is the “plastic limit.” Some soils containing no clay have no
plastic limit and are called “nonplastic.”

At high moisture contents clay deforms under its own weight; it flows when
jarred and behaves like a liquid. The “liquid limit” is the moisture content at which
the change occurs. High liquid limit indicates low load-carrying capacity.

The “plasticity index” (PI) is the liquid limit minus the plastic limit, in other
words the range of moisture content over which a soil is in a plastic state. High PI
indicates low bearing value because it suggests the tendency of water films to adhere
to soil particles, reducing friction and strength.

Figure 3.4 summarizes the relationship between moisture level and soil state.
Threshold moisture levels are referred to collectively as the Atterberg limits, after the
Swedish scientist who defined them in 1911. ASTM (D 4318) and AASHTO (T89
and T90) standardize the laboratory tests for Atterberg limits.
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FIGURE 3.4 The Atterberg limits of soil state (adapted from Portland Cement Association,
1992, p. 14).

CALIFORNIA BEARING RATIO

A relatively straightforward rating of bearing value is the California Bearing Ratio
(CBR), developed by the California Highway Department in the 1920s (Rollings and
Rollings, 1996, pp. 138-140). In the CBR test (ASTM D 1883, AASHTO T 193), a
piston is forced into a water-soaked sample of material, and the amount of pressure
and rate of piston movement are monitored. The result is expressed as a percentage
in relation to the same piston’s penetration into a standard dense-graded, moderately
compacted crushed-stone aggregate. Fine clayey soils can have CBR values lower
than 5; a few dense-graded crushed-stone aggregates can have CBR values slightly
higher than 100. Table 3.5 lists some typical CBR values.

Table 3.6 lists relative ratings of CBR value in pavement structural layers. High
bearing value is of greatest value in the upper layers of a pavement, where the traf-
fic load is most concentrated. In the subgrade very modest values of CBR are accept-
able because the subgrade is protected from traffic load by the overlying layers.

CBR is useful for many aspects of pavement design because it is a simple and
fixed measure. However, to reflect the full range of structural considerations in a
pavement design — swelling, freezing, changing moisture content, and so on —
CBR must be supplemented by additional, more complex information.

UNIFIED SoIL CLASSIFICATION

The Unified system of soil classification was developed to help interpret the com-
posite of behavioral characteristics that a soil can exhibit under a range of environ-
mental conditions. The system originated with the Army Corps of Engineers during



78 Porous Pavements

TABLE 3.5

Typical CBR Values

Material CBR, percent
Dense-graded crushed aggregates typically used for pavement base 100
Dense-graded natural gravels typically used for pavement subbase 80
Limerock 80
Shell and sand mixtures 50 to 80
Gravelly sands 20 to 50
Fine clean sands 10 to 20
Wet clay soil <l to>3

Rollings and Rollings, 1996, p. 143.

TABLE 3.6
Relative Ratings of CBR Values in Pavement Structural Layers
CBR in Base Course CBR in Subbase Course CBR in Subgrade

Excellent 100 50 —
Good 80 40 12+
Fair — 30 9to 12
Poor 50 — 4to8
Very poor — — <4

Rollings and Rollings, 1992, p. 17.

World War II. Subsequently, the Corps and the U.S. Bureau of Reclamation cooper-
atively made great improvements in the system, so it came to be called the “Unified”
system. ASTM maintains the criteria for the system in ASTM D 2487.

Table 3.7 lists the major Unified soil categories. The system places soils in three
basic groups: coarse-grained, fine-grained, and organic. In the coarse-grained group,
categories are based only on textural characteristics. In the fine-grained group, the
amount of fines is large enough to affect a soil’s structural behavior. Categories in this
group are based largely on the plasticity given by the fines. Each category is given ini-
tials that indicate its principal characteristics: GW for well-graded (dense-graded)
gravels, CL for clays with low liquid limit, and so on. Intermediate categories are
given hyphenated designations such as SP-SM or CL-ML. At the top of the table are
soils that are coarse in texture and inorganic; they have relatively free drainage, little
compressibility, and high stability. Materials dominated by fines or organic matter (in
the lower part of the table, or at the lower end of each group of classes) have relatively
slow drainage, great compressibility, and low stability. In applying a Unified classifi-
cation to a specific project, local conditions that may not have been taken into account
in the classification such as groundwater, degree of consolidation of the soil, and
potential for swelling or frost movement, must be taken into account.

Figure 3.5 shows the frequency of occurrence of some USDA soil textures in
Unified categories. It illustrates that only certain coarse USDA textures such as
loamy sand or narrowly defined ones such as pure silt indicate a single Unified clas-
sification. In many texture categories, other variable characteristics such as plastic-
ity broaden the Unified designation.
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TABLE 3.7
Major Categories in the Unified Soil Classification System

Coarse-grained Soils (more than 50 percent retained on No. 200 sieve):

Gravels (50% or more of fraction retained on No. 200 sieve is also retained on No. 4 sieve):

GW Well-graded gravels and gravel-sand mixtures, little or no fines
GP Poorly graded gravels and gravel-sand mixtures, little or no fines
GM Silty gravels and gravel-sand-silt mixtures
GC Clayey gravels and gravel-sand—clay mixtures
Sands (50% or more of fraction retained on No. 200 sieve passes No. 4 sieve):
SW Well-graded sands and gravelly sands, little or no fines
SP Poorly graded sands and gravelly sands, little or no fines
SM Silty sands and sand—silt mixtures
Ne Clayey sands and sand—clay mixtures

Fine-grained Soils (50 percent or more passes No. 200 sieve):

Silts and clays with liquid limit less than 50%:

ML Inorganic silts, very fine sands, silty or clayey fine sands
CL Inorganic clays of low to medium plasticity, gravelly clays, sandy clays, silty clays, clays
OL Organic silts and organic silty clays of low plasticity

Silts and clays with liquid limit 50% or more:
MH Inorganic silts, micaceous or diatomaceous fine sands or silts, inorganic silts, elastic silts
CH Inorganic clays of high plasticity

OH Organic clays of medium to high plasticity

Highly Organic Soils:

PT Peat, muck and other highly organic soils

Portland Cement Association, 1992, p. 20.

Figure 3.6 illustrates the correlation of the Unified classification system with the
California Bearing Ratio. The chart shows that soils with CBR of 15 and below tend
to be in the clayey, silty, and organic categories; higher CBRs are in the coarse-tex-
tured soil categories. However, most Unified soil categories are associated with a
range of possible CBR values. Consequently, it is vital to take into account site-spe-
cific conditions and, where subgrade stability is critical or soil conditions are ques-
tionable, to supplement general classifications with laboratory test data.

SOURCES OF INFORMATION ABOUT SUBGRADE SOILS

Information about the character and bearing value of soils on a specific site can
come from a variety of potential sources of varying degrees of precision and
cost. Different sources of information may be valuable at different stages of plan-
ning and design.

An immensely helpful source of general information for initial site planning
studies and the planning of further, more detailed soil studies are the local soil sur-
veys published by the U.S. Natural Resources Conservation Service (NRCS,
http://soils.usda.gov). Each mapping unit in a survey map integrates the general soil
environment at that place, from the surface to several feet below. It encompasses
a soil profile with a unique range of important properties, arrayed in their various
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TABLE 3.8
Some Commonly Occurring Soil Horizons Designated in NRCS Soil Surveys

Horizon Typical Character

A Commonly high in organic matter mixed with mineral material

E Mineral material commonly leached of colloidal material, leaving a concentration of sand
and silt particles

B A zone of accumulation of colloidal material carried in suspension from overlying horizons

C Weathered or uncemented parent material such as sediment, saprolite, or unconsolidated
bedrock

R Hard bedrock

Soil Survey Staff, 1993.

layers or horizons. Table 3.8 lists commonly occurring types of soil horizons in order
from the surface downwards. Figure 3.7 shows examples of soil profiles
from different places in the U.S. Descriptions of representative profiles of the
approximately 3000 soil series in the U.S. are maintained in the “Official Soil
Descriptions” section of http://soils.usda.gov.

Other information sources can supplement soil surveys in anticipating general
subgrade conditions. Where a good local geologic map is available, for example
from a state geological survey, it is worth obtaining just because of the additional
insight it provides from scientists who look at the ground from a viewpoint different
from that of NRCS. On large sites, aerial photographs can help characterize general
earth conditions and distribution, when analyzed using a basic knowledge of geol-
ogy, landforms, and remote sensing (Way, 1978). A knowledgeable designer can
roughly, but quickly and inexpensively, confirm some basic soil characteristics using
the look and feel of the material in the field: texture can be estimated by the feel of
moist soil when rubbed and ribboned in the hand; color can indicate the history of
drainage and aeration (Brady and Weil, 2000).

By far the best — and most costly — source of soil information is a planned pro-
fessional sampling and quantitative testing of site-specific soils. The investigation
should be planned to focus on the areas where particular kinds of construction might
be done, the kinds of soil problems that might be encountered, and the kinds of data
that will be needed for specific design decisions. Investigations that physically pen-
etrate the surface with pits, trenches, or borings can determine detailed stratigraphy,
groundwater conditions, CBR, and Unified soil classifications with the greatest pos-
sible reliability. Less precisely, geophysical measurements that do not penetrate the
surface can be used quickly over a large site to map irregularities in the bedrock sur-
face or an interface between important strata; examples are seismic, electrical, and
gravitational tests, calibrated with selected test borings.

THE STRUCTURAL ROLES OF PAVEMENT MATERIALS

An individual pavement material must be structurally sufficient to withstand the traf-
fic load and the conditions brought to it by its environment. A number of different
materials may be placed in a sequence of pavement layers or “courses” to respond, at
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FIGURE 3.7 Examples of soil profiles from different parts of the United States (based on
descriptions at http://soils.usda.gov).

minimum necessary cost, to the specific combination of forces that occur at each
level, and together to adapt the traffic load to the bearing capacity of the subgrade
(Croney and Croney, 1998, p. 73). Table 3.9 defines some terms with particular appli-
cation to structural roles of pavement materials.

Different design criteria are used for so-called “flexible” and “rigid” pavement
structures. A concrete pavement is rigid; almost all other pavements are flexible, includ-
ing those of asphalt, aggregate, geocells, grids, and blocks. The two types distribute traf-
fic load to the subgrade at different rates, as represented conceptually in Figure 3.8. A
rigid structure resists bending, so it spreads a point load quickly over a wide soil area. In
a flexible structure such as an asphalt surface course over an aggregate base, aggregate
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TABLE 3.9
Some Terms with Particular Application to Structural Roles of Pavement
Materials

Composite pavement Pavement composed of layers of variously rigid and flexible materials, such as
a flexible wearing course over a rigid base

Curb Any relatively rigid unit at the edge of a pavement or between two different
pavement areas

Flexible pavement A pavement structure that distributes loads to the subgrade through particle
interlock, friction, and cohesion

Pavement structure Any combination of pavement layers placed on a subgrade to bear a traffic load

Rigid pavement A pavement structure that distributes loads to the subgrade through the ben
ing resistance of a slab
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Subgrade bearing area
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FIGURE 3.8 Transfer of traffic load to the subgrade in rigid and flexible pavement structures.

interlock spreads the load through the pavement only gradually, so a relatively thick
pavement structure is required to protect the subgrade to the same degree.

A pavement surface layer must distinctively withstand the abrading force of traf-
fic, while providing the surface appearance, accessibility, skid resistance, and other
characteristics required for its setting and use. A surface course also contributes
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to the total thickness of a pavement in distributing the traffic load to the subgrade.
To minimize construction cost, a surface layer is ordinarily only thick enough to
maintain its own integrity under the direct traffic load. The rest of the pavement
thickness is made up of base layers of less expensive material, most commonly
aggregate, protected from abrasion by the surface layer.

Porous paving materials differ from corresponding nonporous materials,
whether rigid or flexible, in having open voids between the materials’ particles or
units. The porosity sacrifices a degree of strength. Properly installed porous materi-
als are nevertheless adequately strong for many of the ordinary traffic loads to which
dense materials are also suited. Later chapters will describe the strengths and appro-
priate applications of specific porous materials.

REQUIRED PAVEMENT THICKNESS

For a given type of paving material, the adequate distribution of traffic load over the
subgrade requires a certain pavement thickness. In freezing conditions the protection of
the pavement from frost may require a different thickness, which must be separately
determined. In a porous pavement with a specific stormwater management function,
the storage of an adequate amount of water may require some further thickness, which
must be determined by hydrologic calculations. The greatest of the alternative thick-
nesses must be adopted in order for the pavement to meet all of its requirements. This
section describes structurally required thicknesses under nonfreezing conditions; thick-
nesses required for other considerations are described in other sections of this book.

Procedures to estimate the required thickness of a pavement and the various lay-
ers within it have been formalized in manuals such as those of the American
Association of State Highway and Transportation Officials (1993), the U.S.
Departments of the Army and Air Force (1992), and the U.S. Federal Aviation
Administration (1995). All of them take into account the bearing value of the sub-
grade at least in nonfreezing conditions. Some of them have been adapted and sim-
plified for applying specific types of paving materials to local streets and parking lots;
those adaptations will be described in the chapters on individual pavement materials.

Over and above theoretical design procedures, AASHTO (1993 p. 1I-17)
acknowledges the need to take into account experience with local factors such as
locally available materials, the type of support given by local subgrade, and the
thickness of specific pavement layers in local practice. Where local experience con-
flicts with AASHTO’s Guide, the Guide defers: “The Guide attempts to provide pro-
cedures for evaluating materials and environment; however, in cases where the
Guide is at variance with proven and documented local experience, the proven expe-
rience should prevail” (AASHTO, 1993, p. I-5).

The U.S. Departments of the Army and Air Force manual (1992, pp. 3-1-3-2, 6-1,
and 8-1-8-5) has illustrated the relationships between subgrade CBR, traffic load, and
required pavement thickness. Figure 3.9 shows their results for flexible pavements in
nonfreezing conditions. Great thickness is required to spread out traffic load on soft
soils with low CBR. With increasing CBR the required thickness declines rapidly; for
CBR of 15 and higher only the minimum thickness of 6 inches is required. At any CBR
thicker pavements may be required for heavier traffic loads or frost protection.
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Total required pavement thickness, inches
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FIGURE 3.9 Minimum required total thickness of flexible vehicular pavement in nonfrost
conditions for two different traffic loads (U.S. Departments of the Army and Air Force, 1992,
p. 8-2; residential street data is Design Index 3; parking stall data is Design Index 1).

Rada et al. (1990; NCMA 1993; ICPI 1995) illustrated the relationship between
required pavement thickness and subgrade moisture level, which can be very rele-
vant to porous pavements that admit water into the subgrade. They applied the
AASHTO design method specifically to block pavements assuming that the block
surface is as strong as a layer of dense asphalt of equal thickness, that the base course
is made of durable, well-drained, crushed aggregate at 98 percent compaction, and
that the subgrade is compacted.

Table 3.10 lists Rada et al.’s (1990) categories of subgrade drainage conditions.
On the left is the time necessary to remove water from the base and subgrade, in
other words the ponding time, the determination of which will be discussed in
Chapter 4. On the top is the percent of time the soil is exposed to saturation, which
in a porous pavement comes from a combination of the ponding time and the pre-
cipitation regime where a pavement is located: exposure to saturation =1 percent of
the time could occur in warm arid locales; exposure >25 percent of the time could
occur where precipitation is common year-round. A subgrade drainage category of
“dry,” “medium” or “wet” can be read from the table.

Figure 3.10 shows the resulting minimum base thickness in non-frost condi-
tions required for traffic loads that might occur on local residential streets.
Different lines in the figure are for the “dry,” “medium,” and “wet” drainage cate-
gories. The curves show that, for base materials with CBR 80 or more, 4 inches is
the minimum thickness required for any base, over any subgrade. Greater thick-
nesses, up to 8 inches, are required for soft soils or prolonged ponding in the base
course. For base material with CBR down to 30, thicker bases are required, with
7 inches being the minimum in any condition. The thickness of the surface course
is in addition to that of the base course; in block pavements the thickness might be
3 inches or more.
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TABLE 3.10
Subgrade Drainage Categories in the Rada Method

Exposure of Soil to Saturation

Time to Remove Water =1% of Time =<5% of Time =<25% ofTime >25% of Time

2h Dry Dry Dry Medium
1d Dry Dry Medium Medium
7d Dry Medium Medium Wet
30d Medium Medium Wet Wet
Water will not drain Medium Wet Wet Wet

Rada et al. (1990, Tables 1 and 7).

Many porous pavements have a reservoir zone (defined in Chapter 2) where
water is stored or transmitted. The presence of water may reduce the strength of cer-
tain reservoir construction materials. Above a reservoir there may be additional base
or surface course material. By definition water does not rise above the reservoir
except perhaps for a few hours following extreme, rare rainfall or snowmelt events;
because the upper material is well-drained, it is of full bearing value (Cedergren,
1989, p. 342). Where there is doubt about a reservoir material’s bearing value under
saturated conditions, a prudent design might increase the thickness as shown in the
curves for different base CBR values in Figure 3.10, or might count only the mate-
rial above the reservoir in the pavement’s structural thickness.

Software is available to help determine structurally required thicknesses of pave-
ment layers in diverse conditions. An easily operable program is Lockpave Pro, dis-
tributed by Uni-Group USA (www.uni-groupusa.org). It applies established
procedures to derive the required thickness of the base course for porous pavements
surfaced with Uni-Group’s open-jointed block products. It takes into consideration
various traffic levels, various soil types, frost depth, and the possibility of subbase
material being different from the base material. Another example of design software is
that supplied by the U.S. Departments of the Army and Air Force (1992, p. 1-1-1-2)
to implement their design calculations for thickness of rigid and flexible pavements.

FILTER LAYERS AND GEOTEXTILES

The open-graded aggregates used in the base courses of many porous pavements are
commonly much coarser (of much larger particle size) than either the subgrade below
the base, or the surface layer above. Filter layers are installed in some pavements to
separate the various layers, and thereby to maintain the porosity and structural
integrity of each layer. Filter layers are made of intermediate-size aggregate, or of per-
meable geotextile. Potential locations of filter layers are illustrated in Figure 3.11.

A filter layer over a base course prevents small particles of surface material from
collapsing into the base’s open pores. Examples of surface materials that may
require this type of layer are turf rootzones, the aggregate setting beds of blocks and
grids, the aggregate or soil fill of most geocells, and porous asphalt made with rela-
tively small aggregate. Where a filter layer in this position is made of aggregate it is
often referred to as a “choke layer” because its intermediate-size particles more or
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FIGURE 3.10 Aggregate base course thickness required in nonfrost conditions for block instal-

lations on local residential streets with traffic of 0.3 million equivalent single-axle loads in a
20-year life (Rada et al., 1990, Tables 5 and 7 and Figure 4; NCMA 1993, Table 3 and Figure 2).
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FIGURE 3.11 Potential locations of filter layers around an aggregate base course.

less fill or cover the large voids of the base aggregate. As described in Chapter 6, the
selection of appropriate aggregate gradations for the base and surface courses can
avoid the need for a separate filter layer between them.

A filter layer under a base course prevents plastic subgrade soil from flowing
into the base’s voids from below, preserving the structural and hydraulic capacity of
the base at its original design thickness.

Geotextiles are an alternative to filter layers made of aggregate. Geotextiles are
polymer fabrics that are permeable to water but which can inhibit movement of small
particles (ASTM D 4439; Koerner, 1998; Rollings and Rollings, 1996, pp. 412—413).
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They are informally called “filter fabrics” and are a variety of geosynthetic, which is
a generic term for synthetic planar materials used in earth and pavement reinforce-
ment. Woven geotextiles tend to have both permeability and tensile strength; nonwo-
ven models can have high permeability but little tensile strength. The size of the
openings (pores) can vary from sieve no. 30 (0.02 inch) to sieve no. 300 (0.002 inch),
with the portion of the area in open pores varying up to about one third of the surface.
The permeability (from one side of the fabric to the other) can range from 10 inches
per hour to thousands of inches per hour. AASHTO M 288, Geotextile Specification
for Highway Applications, sets standards for geotextile strength, permeability, open-
ing size, and stability in ultraviolet light. A defining requirement is that the material
be able to withstand stresses incurred during construction. Continued research is
called for on the efficacy of geotextiles as separators (Soriano, 2004).

In some pavements a woven geotextile under the base course can contribute to
distributing traffic load over soft subgrade. As the subgrade attempts to deform under
a load the fabric is placed in tension, and its tensile strength adds support for the
load. Whether the presence of a woven geotextile allows a reduction in the required
base thickness however, is controversial.

Table 3.11 lists alternative guidelines for identifying subgrade conditions requir-
ing some sort of geotextile at the bottom of the pavement structure. All the guide-
lines point to soft, plastic, fine-textured soils, which can flow easily into pavement
voids and deflect enough under load to awaken the tensile reinforcement of a woven
geotextile. For stronger subgrades a geotextile would act only as a separator. Most
of the guidelines also point to very wet soil conditions, which means that porous
pavements that admit water into the subgrade are likely to require geotextiles more
often than pavements that leave the subgrade dry.

Table 3.12 lists examples of geotextile manufacturers or distributors. Most man-
ufacturers publish guidelines for the selection and installation of their products.
Further information can be found at web sites such as www.fibersource.com and
www.geosource.com, at Drexel University’s Geosynthetic Research Institute
(www.drexel.edu.gri), at Geosynthetica (www.geosynthetica.net), and in review arti-
cles such as that of Duffy (1997).

During geotextile installation, careful storage and handling are necessary to
prevent puncturing and undue stress (Rollings and Rollings, 1996, p. 426). In
Cahill’s practice (Brown, 1996), a geotextile is placed on the subgrade according to

TABLE 3.11
Alternative Guidelines for Identifying Subgrade Conditions Requiring
Geotextile, According to Various Sources

Source Subgrade Condition Requiring Geotextile
Burak, 2002 Plasticity index (PI) greater than 35, or soil expected to be saturated
more than 50 percent of the time
Dufty, 1997 CBR no greater than 3
National Concrete CBR no greater than 3, or high clay or silt content, or shallow water

Masonry Association, 1996 table, or soil subject to flooding
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TABLE 3.12

Examples of Geotextile Manufacturers or Distributors
Name Contact Information
BP Geotextiles www.geotextile.com
Carthage Mills www.carthagemills.com
Maccaferri www.maccaferri-usa.com
Mirafi www.tcmirafi.com
SI Geosolutions www.fixsoil.com

Tensar www.tensarcorp.com
Terratex www.terratex.com
Trevira www.trevira.com
Webtec www.webtecgeos.com

the manufacturer’s recommendations, with fabric sheets overlapping at the joints. It
is extended beyond the edge of the base and securely positioned to prevent any sed-
iment from washing into the base from adjacent soil. Base aggregate is placed on the
fabric from one side, with vehicles riding on aggregate that has already been placed
and not on the bare fabric. When the base aggregate is in place, the edges of the fab-
ric are folded over its edges to further prevent eroding soil from entering the base
voids. When the surrounding soil has been stabilized by established vegetation, the
fabric may be trimmed and the excess removed.

COMPACTION AND ITS ALTERNATIVES

Compaction of a soil or aggregate during construction limits future settlement under
traffic load and inhibits changes in volume from soil swelling or frost heave (U.S.
Departments of the Army and Air Force, 1992, p. 1-1; Bader, 2001; Rollings and
Rollings, 1996, pp. 134, 195-199). Various compaction machines work by rolling,
tamping, or vibrating. Compaction increases a material’s bulk density by reorienting
particles and pushing them into closer contact. Where the particles are of various
sizes, small particles are pushed into the voids between large particles.

No other treatment can produce so marked an increase in bearing value, at so low
a cost, as does compaction (Portland Cement Association, 1992, p. 23). Increasing the
subgrade bearing value decreases the cost required to build a stable overlying structure.
In some areas, subgrade compaction is practiced as a low-cost “safety factor” even
where no specific data indicate a need for greater strength to bear a given traffic load.

Pavement surfaces that would be least tolerant of the settlement of uncompacted
soil are those surfaced with asphalt, concrete, blocks, and grids. For these pavement
types compaction of subgrade is often required, and the associated reduction in soil
infiltration rate must usually be accepted.

THE PROCTOR REFERENCE FOR COMPACTION

The degree of compaction of a soil or aggregate is indicated by its bulk density after
compaction. For a given compactive effort (for example, three passes with a certain
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type of compacting machine), the resulting density depends on the material’s mois-
ture content at the time of compaction. Some moisture is necessary to allow parti-
cles to move about with respect to one another; too much moisture can suspend
particles away from each other.

The Proctor test determines the maximum density that can be obtained in a mate-
rial under standard compactive conditions, and the moisture content at which that
density can be achieved (Portland Cement Association 1992, p. 23; Rollings and
Rollings 1996, pp. 135-136). The more or less original version of the test is stan-
dardized in ASTM D 698. It is based on a level of compaction common in ordinary
pavement construction projects; the result is commonly referred to as “standard den-
sity” or “standard Proctor”” A modified version has been developed to take into
account heavier compaction. It is standardized in ASTM D 1557; its result is known
as “modified Proctor.”

Both standard and modified Proctor tests determine “compaction curves” like
those shown in Figure 3.12. The curves show that for a given material and com-
pactive effort, the greatest compaction is achieved when the material is at an “opti-
mum moisture content.” For example, in the figure, the optimum moisture for a
certain plastic clay is 20 percent, and the maximum density is 103 pounds per cubic
foot. The maximum density is informally called “Proctor,” “maximum Proctor,” or
“100% compaction.”

The maximum Proctor density is a reference in comparison to which the com-
paction produced during construction can be evaluated. The bulk density of a com-
pacted material can be measured and compared with the target density. In less
formal projects a confirming measurement may not be made; instead, it is assumed
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FIGURE 3.12 Examples of compaction curves produced by the Proctor test (adapted from
Terzaghi and Peck, 1968, p. 447).
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that compaction by a well-known compaction method produces adequate density
for the project.

In open-graded aggregates, such as those used in the bases of many porous pave-
ments, it is almost impossible to measure in-place compacted density in the field
accurately. (ASTM D 698; Rollings and Rollings, 1999, p. 10). Consequently, for the
compaction of these materials it is more common to specify a method of com-
paction, for example a certain number of passes with a vibratory roller of a certain
weight, than to specify a certain percentage of Proctor density.

Figure 3.13 illustrates the concept that compaction is increasingly necessary with
proximity to a pavement’s surface (U.S. Departments of the Army and Air Force,
1992, p. 4-1). Near the surface, traffic load is most concentrated, and protection from
densification under future traffic load is most necessary. The curves for “cohesive
soils” apply to soils such as plastic clay (PI > 5 and LL > 25); those for “noncohesive
materials” are for materials such as open-graded aggregate ( PI = 5 and LL = 25).
Open-graded aggregate such as that used in the base of many porous pavements
requires less compaction than plastic clay subgrades at the same depth. Parking stalls
require less compaction than streets because of their lower traffic load. The com-
paction requirement declines with depth, eventually merging with natural ambient
bulk densities; few natural soils have densities lower than 80 percent of modified
Proctor. The curves in the figure are for materials with CBR = 20; many pavement
base materials have higher CBR and require correspondingly less compaction.

There are four ways for subgrade material to meet a compaction requirement
(U.S. Departments of the Army and Air Force, 1992, p. 4-1): 1) a natural soil could

\
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Minimum required percent of modified Proctor density
FIGURE 3.13 Minimum required compaction of subgrade and any pavement materials with

CBR=20 (U.S. Departments of the Army and Air Force, 1992, p. 4-1; residential street data
is Design Index 3; parking stall data is Design Index 1).
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have in-place density equal to or greater than the required value, so that no treatment
is required during construction; 2) a subgrade with insufficient in-place density can be
compacted to bring it to its required density; 3) the subgrade material can be removed
and replaced with different material, and the new material compacted to its required
density; or 4) a subgrade can be covered with sufficient additional material so that the
uncompacted subgrade is at a depth where its in-place density is satisfactory.

CONSTRUCTION WITH LITTLE OR NO COMPACTION

In some porous pavement projects, subgrade compaction is deliberately avoided to
preserve the soil’s natural permeability. Compaction is most justifiably omitted in
native cut (ICPI, 1997), or where the proposed surfacing material could tolerate
undulations due to settlement as could turf, unbound aggregate, or geocells filled
with turf or aggregate. Omission is also justified where a thick pavement structure is
planned to compensate for the relatively low bearing value of uncompacted soil
(AASHTO, 1993, p. I-14-1-15; Yoder and Witczak, 1975, p. 328). A thick pavement
structure is ordinarily more expensive than subgrade compaction would be, but a
permeable subgrade is a functioning part of a site’s drainage system which may
reduce off-pavement drainage costs.

The site-specific strength and permeability characteristics needed in the soil are
the proper basis for subgrade compaction specifications (Rollings and Rollings,
1996, pp. 236-238). Natural in-place subgrade can be tested for its Proctor com-
paction and CBR and thereby its need for further strength and compaction during
construction. Carefully limited compaction can maintain some subgrade permeabil-
ity (Gray, 2002). Local experience may be a valuable guide to compaction require-
ments and to the likely outcome of proposed compaction practices.

In Cahill’s installations of porous asphalt (Brown, 1996), the excavated subgrade
is an infiltration “bed” that is not to be compacted, nor subjected to construction
vehicle traffic. If the excavated surface is exposed even to rainfall, it is immediately
scarified with a light rake to eliminate the thin crust of fines that forms under the ero-
sive energy of falling raindrops. The engineer inspects the surface to authorize place-
ment of geotextile on the bed. Base aggregate is placed over the fabric in 8-inch lifts
(layers), starting at one edge of the infiltration bed. Aggregate trucks proceed across
aggregate that has already been placed, and not across the fabric or any unprotected
part of the subgrade. Each lift of base aggregate, unlike the subgrade, is lightly com-
pacted, following the principle that compaction is increasingly necessary with prox-
imity to the surface. The pavement thickness is ordinarily 18 inches or more. The
great thickness compensates for the uncompacted subgrade by spreading out the
traffic load. Some of these projects have been in place for more than 10 years with-
out objectionable settlement. Specific examples will be illustrated in Chapter 12.

In some projects, staging of construction materials and equipment is needed in a
spot where uncompacted subgrade is also desired for long-term drainage of a proposed
porous pavement. Using pavement subbase material as a staging platform could pro-
tect the soil to a degree. Before any other construction, the pavement subgrade is exca-
vated and a thick layer of subbase aggregate is placed. The subbase material is then a
platform for construction equipment. An open-graded aggregate platform can be clean
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and stable; as a “rock blanket” it helps meet requirements for erosion and sediment
control during construction. After completing other construction, clean base and sur-
face course materials are placed on the subbase to finish the porous pavement.

New earth fill must always be compacted unless the proposed surface is of a type
that can bear undulations from future settlement. Having been lifted and handled, the
fill is in a loose condition subject to variable settlement, and can be made structurally
reliable only by processing during construction. A porous concrete pavement that
failed where it was placed on uncompacted fill will be discussed in Chapter 11. Fill
material should be spread evenly in level lifts of limited thickness, and each lift com-
pacted before the next is placed.

PAVEMENT ADAPTATION TO FREEZING

Upon freezing, water expands in volume by about 10 percent. The growing ice crys-
tals exert pressure on anything nearby. Heaving movement takes place where the
pressure of the growing crystals exceeds the load of the overlying structure.

Heaving can be followed by further damage caused by the loss of soil strength
when the ice thaws. Ice’s expansion pushes soil particles away from each other. Then
as the ice melts, it simultaneously withdraws its support from the particles and adds
liquid water to the soil. Under the pressure of subsiding soil particles, the water sus-
pends the particles like those in quicksand. The material is left with very low
strength and great susceptibility to deformation.

In regions with freezing winters it is vital either to select pavement surface mate-
rials that can tolerate undulations from frost-related movements, or to protect pave-
ments from frost damage. Porous paving materials that can tolerate surface
undulations are aggregate, turf, and geocells filled with aggregate or turf. Deck
structures avoid frost damage by suspending their floors above heaving soil, con-
centrating their loads on footings placed below the frost penetration depth.

For pavement types that are sensitive to frost-related movement, several alterna-
tive design approaches are available for limiting frost damage (U.S. Departments of
the Army and Air Force, 1992, p. 18-6; FAA, 1995, pp. 27-30; Goodings et al., no
date). The approaches described here are based on placing within the frost penetra-
tion zone only those pavement components that are well-drained and nonsusceptible
to frost damage, and limiting frost penetration into underlying components that hold
water or that are susceptible to damage. A thick layer of paving material insulates
underlying material from freezing temperatures, and its weight resists heaving pres-
sure from frozen material below (AASHTO, 1993, p. I-14; Yoder and Witczak, 1975,
p. 192). Protection from frost damage may require a thicker pavement than that
required for bearing value in nonfrozen conditions.

As in all aspects of pavement design, “local experience should be given strong
consideration for frost conditions” in addition to any approaches coming from gen-
eral books and manuals (FAA, 1995, p. 29).

FrROST DEPTH

The depth of frost penetration into a pavement and its subgrade is a function of tem-
perature, the nature and moisture content of the material, and whether snow is left
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on the surface as insulation (FAA, 1995, p. 19). In many areas, local construction
practices dictate a fixed nominal frost depth for the design of a proposed pavement,
based on local experience. However, the depth of frost penetration varies from year
to year with the severity and duration of freezing temperatures and amounts of mois-
ture and snow.

Figure 3.14 shows the progress of frost during the winter of 1978-1979 in the
porous asphalt parking lot at Walden Pond State Reservation in Concord,
Massachusetts. The pavement had an aggregate base course to 38.5 inches below the
surface, and sandy subgrade below. The curve shows where the temperature was
exactly 32°F. Just inside the curve the temperature was just barely below freezing; the
coldest temperature was near the pavement surface. Freezing progressed gradually
into the ground as the winter continued. By the end of winter, the frost depth exceeded
the depth of the entire pavement structure. At this extreme depth the frost remained
only a few weeks; the ground was soon thawing from both above and below.

Potential frost depth can be estimated from above-ground air temperature
recorded during the winter. The cumulative freezing temperature is expressed in
freezing degree-days, using 31°F as the beginning of freezing (FAA, 1995, p. 16).
By this measure, one day with an average temperature of 31°F represents one
degree-day; one day at 22°F has 10 degree-days. The number of freezing degree-
days accumulates during the winter season.

Recurrence interval, or frequency, is the average time between freezing events of a
given magnitude; it is a way to express the probability that a given number of freezing
degree-days and the corresponding frost depth might occur in a given year. A ten-year
event is intense enough that it has recurred, on the average, in only one of every ten
years in the local weather record. On average, the ten-year event has a 10 percent chance
of occurring in any one year. There is always a risk that, in any one year, a freezing event
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FIGURE 3.14 Frost depth in porous asphalt pavement at Walden Pond State Reservation,
Concord, Massachusetts, December 1978 through April 1979 (after Wei 1986, pp. 5—15a, tem-
perature probe 1).
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selected for design could be exceeded. Designing for a deep, intense, infrequent frost
limits the risk because it yields thick structures where frost seldom penetrates sensitive
material. But thick structures are expensive to construct. A balance between risk and
cost must be made that is appropriate to each pavement in its context.

The Federal Aviation Administration (1995, pp. 16—17) and the U.S. Departments
of the Army and Air Force (1992, p. 18-7) have established the convention of design-
ing pavements for the ten-year freezing event: the coldest winter observed in a ten-
year period, or the average of the three coldest winters in a thirty-year period. In most
years, frost penetration is not as deep as that during the ten-year event. On an aver-
age, every 11 years cumulative freezing days are greater, and frost penetration is cor-
respondingly deeper. Figure 3.15 shows the ten-year freezing degree-days in the U.S.
(this small-scale map should be used cautiously in mountainous areas, where tem-
perature can vary greatly over a short distance).

Figure 3.16 shows the resulting penetration of frost into certain types of pave-
ment and subgrade materials estimated by two different agencies. In making these
estimates, both agencies assumed typical types of concrete, asphalt, or aggregate
pavement materials in the first foot or so of depth below the surface. The assumed
base materials have void space of 30 percent, like the open-graded materials com-
monly used in porous pavements. The curve labeled “FAA” is derived from the
Federal Aviation Administration (1995, pp. 19-20). The other two curves are derived
from the U.S. Departments of the Army and Air Force (1992, p. 18-11), and take into
account the amount of moisture in the base and subgrade at the beginning of the
freezing period. The various estimates are rather consistent: the FAA estimate is
between the two Army-Air Force curves for most of the range of freezing degree-
days shown in the chart.

FIGURE 3.15 Ten-year freezing degree-days (°F-days; after FAA, 1995, p. 17).
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FIGURE 3.16 Depth of frost penetration below a pavement surface kept clear of snow and
ice, estimated by two different agencies (data derived from FAA 1995, p. 20, and U.S.
Departments of the Army and Air Force, 1992, p. 18-11, assuming base aggregate and subgrade
have solid particle density of 165 pounds per cubic foot and void space of 30 percent).

PROTECTION OF SUBGRADE

Moisture suspended in subgrade soil can heave upon freezing, especially where grow-
ing ice is supplied with moisture, as it may be beneath a porous pavement. Fine-
grained soil is particularly susceptible because moisture suspended in numerous small
pores can migrate toward growing ice crystals, feeding and enlarging them (AASHTO,
1993, p. I-23; U.S. Departments of the Army and Air Force, 1992, p. 18-3). The
formation of the ice out of the surrounding liquid moisture is called “ice segregation.”
A growing ice mass frequently takes the form of a horizontal vein or lens.

The same type of ice formation does not occur in well drained, coarse-grained
soils such as gravel or coarse sand, because their large open pores suspend insuffi-
cient water to feed a growing ice mass (U.S. Departments of the Army and Air Force,
1992, p. 18-3). Instead, water freezes in isolated grains surrounded by open pore
space without heaving the soil. Tests for the susceptibility of soils to frost damage
are standardized in ASTM D 5918.

Table 3.13 lists the relative frost-damage susceptibilities of different soil and
aggregate types (U.S. Departments of the Army and Air Force, 1992, pp. 18-4-18-5).
The rating is based principally on Unified soil classification and the percentage of par-
ticles smaller than 0.02 millimeter. At the top of the table, open-graded crushed stone
free of fine particles is non-frost-susceptible. The S1 and S2 groups are relatively
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TABLE 3.13
Classification of Soil Frost Susceptibility

Percentage by Examples of
Frost Group Frost Susceptibility ~ General Character Weight Finer  Unified
than 0.02 mm Classification

Non-frost- Negligible to low Crushed stone Oto 1.5 GW, GP
susceptible (NFS) Sands 0to3 SW, SP
Potentially frost- Negligible to medium Crushed stone 1.5t03 GW, GP
susceptible (PFS)
Sands 3to 10 SW, SP
S1 Very low to medium  Gravelly soils 3t06 GW, GP
S2 Very low to medium  Sandy soils 3t06 SW, SP
F1 Very low to high Gravelly soils 6to 10 GM
F2 Low to high Gravelly soils 10 to 20 GM
Sands 6to 15 SM
F3 Medium to very high  Gravelly soils >20 GM, GC
Sands >15 SM, SC
Clays with PI>12 — CL, CH
F4 Medium to very high  All silts — ML, MH
Very fine silty sands  >15 SM
Clays with PI<12 — CL, CL-ML
Varved clays — CL, CH, ML, SM

PI is Plasticity Index (U.S. Departments of the Army and Air Force (1992, p. 18-5); Rollings and Rollings
(1996, p. 396)).

nonsusceptible to frost, to the extent that they are eligible for use as pavement subbase
material. The F1 through F4 groups must generally be protected from frost where
heave would be damaging. At the very bottom of the table, silty soils are among the
most susceptible, because their void spaces are small enough to support networks of
growing ice crystals, but not small enough to inhibit the suction of additional water
into a growing crystal mass. Materials in the “potentially frost-susceptible” group —
sands and crushed aggregates with moderate fines content — require laboratory deter-
mination to be certain of their susceptibility to frost. The result of that determination
might likely put the material into the NFS, S1, or S2 category.

Complete protection of the subgrade from frost is accomplished by providing a
sufficient thickness of non-frost-susceptible base and subbase material to eliminate
frost penetration into the subgrade (FAA, 1995, p. 27). It is the most reliable method
of subgrade protection. It is also the most costly method because of the great thick-
ness of pavement structure that may be required. The U.S. Departments of the Army
and Air Force manual (1992, p. 18-6) considers it “nearly always uneconomical and
unnecessary.” However, it may be justified for highly frost-susceptible subgrades
and pavements that are extraordinarily intolerant of slight deformations (U.S.
Departments of the Army and Air Force, 1992, p. 18-16; FAA, 1995, p. 29).

A less expensive alternative is to allow limited subgrade frost penetration. This
approach permits a small and infrequent amount of frost penetration into any subgrade,
including frost-susceptible ones, during the ten-year freezing event (U.S. Departments
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of the Army and Air Force 1992, pp. 18-6—18-7). In the standards of the FAA (1995,
p. 27), non-frost-susceptible material is required for the upper 65 percent of the ten-
year frost penetration depth; the bottom 35 percent may be in frost-susceptible sub-
grade. FAA’s tolerance of the resulting small amount of frost damage is based on its
experience. Some other agencies have required non-frost-susceptible material only in
the upper 50 percent of the frost penetration depth (AASHTO, 1993, p. I-8). The lim-
ited-penetration design approach is implicitly followed in many cold regions, where
the thickness of pavement structure is routinely less than the frost penetration depth.
The degree to which this approach increases long-term maintenance costs depends on
pavement type, traffic type, general setting, and user expectations.

To choose between the complete and limited protection approaches, one could
first design a pavement section for nonfrozen conditions, then determine what mod-
ification would be needed to bring the pavement into compliance with each of the
two approaches. An informed choice can then be made in consideration of cost and
degree of protection. For example, it may be found that a proposed pavement would
satisfy the limited-protection approach without modification, while it would require
additional material and expense to satisfy the complete-protection approach.

PROTECTION OF PAVEMENT RESERVOIR

If water ponded in a pavement’s reservoir freezes, its expansion has some potential
to heave the pavement. However, the possibility of a reservoir of water ponded in a
porous pavement was not anticipated in pavement design manuals such as those of
AASHTO (1993), FAA (1995, pp. 16—-19) and U.S. Departments of the Army and
Air Force (1992, chapter 18). All that can be presented here is an analysis of the
potential problem and empirical experiences in the field.

Reservoirs that are rapidly drained by highly permeable subgrades or lateral
drainage pipes face relatively little danger from frost because they seldom hold water
long enough for it to freeze in place. Reservoirs that are slowly drained by slowly
permeable subgrades, without any other drainage outlet, may display a relatively
high susceptibility to frost heave because they hold some water relatively frequently,
and, in addition, tend to maintain high moisture levels in their subgrades. A slow-
draining reservoir could be made less susceptible to frost damage by the addition of
a lateral drainage pipe at some elevation in the reservoir. The addition might convert
the hydrologic function of the reservoir from primarily soil infiltration to primarily
detention and lateral drainage.

For any reservoir, an extremely conservative approach to frost protection would
completely prevent ten-year frost penetration into the top of the reservoir. A com-
plete-protection approach would be reliable, but could be costly because of the great
thickness of pavement material required above the reservoir. This approach might be
justified for very slowly draining reservoirs that are expected to be full frequently or
for significantly long periods, under pavement surfaces that would be intolerant of
heaving distortion. Above the reservoir, where frost would penetrate, paving mate-
rial can be made unsusceptible to frost damage by assuring that it is well drained and
by using open-graded material that does not suspend pore water (U.S. Departments
of the Army and Air Force, 1992, pp. 18-4—18-5).
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A less conservative approach would allow the ten-year frost to penetrate some depth
into the reservoir. This approach is less costly than the complete-protection approach
because it does not require such a thick pavement. It might be justified in reservoirs that
are quickly drained and under pavement surfaces that are tolerant of distortion.

EXPERIENCES IN CoOLD CLIMATES

The following examples of installed porous asphalt and block pavements in cold cli-
mates have been successful from the point of view of the expectations of their users.
They exemplify a partial-protection approach for the subgrade, and less protection for
the reservoir. They drain rapidly. Those pavements located in the coldest places have

FIGURE 3.17 Porous pavement of open-jointed Eco-Stone blocks at the Thornbrough
Building at the University of Guelph, Guelph, Ontario.
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FIGURE 3.18 Porous pavement of open-jointed Eco-Stone blocks at Sunset Beach Park,
Richmond Hill, Ontario.

allowed the frost to penetrate most deeply below the reservoir and into the subgrade,
perhaps because surface distortions resulting from frost are most tolerated in the cold-
est climates. These successful case studies encourage optimism that constructing
reservoirs in cold climates without the expense of excessively thick pavements may
be possible. Further examples of porous pavements in cold climates will be presented
in later chapters. Unfortunately, no porous pavement located in a notably cold climate
has been identified that failed due to frost damage; studying a combination of failures
and successes is necessary to determine the exact limits of prudent practice.

Figure 3.17 shows a porous pavement of open-jointed “Eco-Stone” block at the
University of Guelph in Ontario, where the nominal frost depth is about 72 inches
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FIGURE 3.19 Construction of porous asphalt street in Luled, Sweden (adapted from
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FIGURE 3.20 Depth of freezing temperature beneath comparative pavements in Luled,
Sweden (data from Backstrom, 2000).

(William James, personal communication, 2002; Thompson and James, 1994). In the
ten years to the time of the photo the pavement experienced no objectionable distor-
tion from frost heave. The pavement’s total thickness is 22 inches, so the entire reser-
voir is well within the frost penetration depth. The reservoir is drained rapidly by a
lateral drainage pipe and sandy, well-drained subgrade; the accumulation of water in
the reservoir never lasts for more than a few hours.

Figure 3.18 shows an Eco-Stone pavement at Sunset Beach Park adjacent to
Lake Wilcox in Richmond Hill, Ontario. The nominal frost depth here is about
72 inches. The total pavement thickness is 18 inches, so the entire reservoir is well
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within the frost depth. Although the subgrade soil is sandy, the reservoir could in a
sense be characterized as slowly draining due to shallow groundwater, which pre-
sumably parallels the adjacent lake surface. The water table is seasonally near the
bottom of the base course, where it can inhibit reservoir drainage; groundwater may
encroach into the reservoir at times of high water. The photo was taken at the end of
the installation’s third winter. The structural condition at that time was excellent,
with no noticeable surface displacement.

Figure 3.19 shows a section through a porous asphalt pavement on a residential
street in Luled, Sweden, within 1° of the Arctic Circle (Stenmark, 1995). Luled’s sub-
arctic climate is roughly analogous to that of central Canada (Espenshade and Morrison,
1984, pp. 8-11). A large part of the annual precipitation comes in the form of snow, and
accumulates in the winter snow pack. The greatest occurrences of liquid stormwater
tend to be at times of snowmelt or precipitation on melting snow. The silty subgrade at
the project site is susceptible to frost heave. The porous asphalt surface course overlies
a 38-inch thick base reservoir of coarse aggregate with 35 to 40 percent porosity. A geo-
textile envelopes the aggregate to prevent intrusion of fine material. A perforated pipe
at the bottom drains to a ditch off the road. Water that infiltrates through the porous sur-
face into the base reservoir either percolates into the subgrade, or discharges through the
pipe. The water table is more than four feet below the surface year-round.

The Luled pavement has not been measurably distorted by frost. A large part of
the explanation is illustrated in Figure 3.20, which shows the depth of freezing tem-
perature during the winter of 1995-1996 as monitored by temperature probes. The
porous pavement’s base and subgrade froze less readily than those under nearby
dense asphalt because the porous pavement’s higher water content, constantly
supplied by infiltration, increased latent heat (Backstrom, 2000). They thawed more
rapidly because they were assisted by infiltrating meltwater. On the whole, frost
penetration was shallower under the porous asphalt than under dense asphalt, and
its duration was shorter. Consequently, the porous pavement had less cause for frost
damage. The pavement and its context will be described further in Chapter 12.

In cold climates, protection of the reservoir has seldom been practiced to the
same degree as protection of the subgrade. Perhaps protection of the reservoir is a
less critical requirement. Ponded water is in a sense self-insulating (Penner, 1962).
As water freezes, it delays freezing temperature from penetrating farther into
unfrozen water below because of the heat made available from the water’s change of
state. Freezing a pound of water requires the withdrawal of 700 times more thermal
energy than to change the temperature of a pound of dry soil by 1°F. In addition, the
open-graded materials used for base reservoirs in many porous pavements may be
tolerant of some freezing of water ponded in them: if a shallow floating lens of water
freezes, it may expand into the open voids immediately above without heaving the
pavement. When a layer of ice develops sufficient thickness so that further freezing
water no longer has the ability to expand into open void space, the characteristic uni-
formity of pavement base material may limit differential heaving movement (Penner,
1962). Research is called for on the relationships between ponding, temperature,
change of state, and heaving in porous pavement reservoirs. Long-term experience
with aggressive installations in cold climates will be an appropriate part of the basis
of firm reservoir frost-protection standards that may be developed in the future.
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PAVEMENT ADAPTATION TO SPECIAL SUBGRADES

Moisture modifies the bearing value of soils. Fluctuations in moisture induce some
soils to move of their own accord; some pockets of soil are extraordinarily weak.
Every project-specific condition requires special adaptation in pavement design.

ADAPTATION TO WET SUBGRADE

The presence of water reduces the bearing value of almost any subgrade soil
(AASHTO, 1993, pp. I-27-1-28). Porous pavements that allow moisture into the sub-
grade must compensate for it with a correspondingly thick pavement structure to
spread out the load. A thicker pavement structure requires greater construction cost,
but a porous pavement has a hydrologic function that could reduce the cost of off-
pavement stormwater management structures.

The Rada et al., thickness requirements, illustrated in Figure 3.10 for residential
streets, exemplify how much thicker a porous pavement may have to be. In the
figure, with base material of CBR 30, and in soils of low bearing value (CH), mov-
ing from a “dry” or “medium” soil drainage category to a “wet” one requires increas-
ing the base thickness by several inches, from 7 or 10 inches to 14 inches For soils
of moderate (ML or SC) to high (GW) bearing value, no increase in thickness is nec-
essary to compensate for increased moisture.

In the mid-Atlantic area, many of the porous asphalt parking lots by Cabhill
Associates (www.thcahill.com) have had aggregate base courses at least 18 inches
thick; the total pavement is over 20 inches thick. This substantial thickness has suc-
cessfully compensated for both the wetness of the subgrade under the porous sur-
face, and Cahill’s routine specification against subgrade compaction. This
experience confirms the theoretical prediction of the Rada et al. method that great
thickness compensates for wet subgrade. It proves empirically that, in the conditions
of the mid-Atlantic region, an 18 inch base is sufficient or more than sufficient for
stability over wet, uncompacted subgrade in moderately trafficked parking lots.
Many case studies presented later in this book illustrate experiences with other pave-
ment thicknesses.

Where the subgrade soil would be incapable of supporting a porous pavement’s
expected traffic load if saturated by infiltrating water, an impermeable liner at the bot-
tom of the base reservoir may be called for. A liner’s prevention of soil infiltration would
limit the reservoir’s hydrologic function to detention and water quality treatment.

ADAPTATION TO SWELLING SUBGRADE

Some soils swell when their moisture content increases, and shrink again when dry
(Nelson and Miller, 1992; Rollings and Rollings, 1996, pp. 381-384). The moisture
changes that cause swelling and shrinking can occur from season to season, between
wet and dry years, or during extraordinary individual weather events. The most
active soils are in semiarid environments such as Colorado and central Texas, where
cycles of wetting and complete drying are relatively frequent; swelling activity is
also known in many other areas. Where insufficient overlying weight counteracts the
swelling pressure, the soil is capable of lifting, cracking, and displacing pavements
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and curbs. Figure 3.21 shows modest damage to a pavement and its curb built on
swelling soil in Texas.

The potential of a soil to swell most commonly depends upon from the amount
of montmorillonite clay in the soil (Nelson and Miller, 1992, p. 9). Montmorillonite
chemically and physically attracts water molecules into the spaces between its tiny
clay plates. As water is pulled in, the plates are pushed apart. Many montmorillonitic
soils can expand up to 10 to 20 percent by volume.

USDA soil surveys, geologic maps, and experienced local professionals can
indicate the general possibility of swelling soil in a locale. In some areas, swelling
is associated with highly specific geologic strata or soil series, such as the Pierre for-
mation along the Front Range in Colorado, the Yazoo clay of Alabama and

FIGURE 3.21 Cracking of a concrete curb and dense asphalt pavement resulting from
swelling of the Houston black clay in Arlington, Texas.
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Mississippi, certain elevations in the Hawthorne formation in northern Florida, the
Whitehouse series of North Carolina, and some soils in the central valley of
California (Nelson and Miller, 1992, p. 25).

The presence of a swelling soil can sometimes be confirmed in the field. When
a swelling soil is dry it exhibits either a puffy structure like popcorn, or wide deep
cracks; when it is wet, it is very sticky. It may be associated with undulations (“‘gil-
gai”) in the soil surface (Gustavson, 1975). In profile, many swelling soils lack dis-
tinct horizons, because during dry periods surface sediment falls into open cracks,
after which soil churning mixes all the materials together (Mitchell, 1999). Soil
swelling can be further confirmed with drilling and testing (ASTM D 4829; Nelson
and Miller, 1992, pp. 25-27, 51). Common tests are those of soil classification, min-
eralogy, swelling, and Atterberg limits. Expansive clays are commonly in the CH
Unified classification.

Several types of porous paving materials are tolerant of surface undulations that
could result from soil swelling: unbound aggregate, turf, and geocells with turf or
aggregate fill. Although these materials are limited to applications with low traffic
loads, in those applications they infiltrate rainwater into the soil while deforming
flexibly with subgrade expansion and contraction as the moisture level fluctuates.
Installations of tolerant surfaces on swelling soils will be illustrated in later chapters.

Deck structures can be used over swelling soils so long as the footings are placed
below the actively swelling portion of the soil. A deck’s beams must be at least a few
inches above the soil surface to isolate them from upward-pressing soil and to con-
centrate the weight of the structure on the piers.

Surfaces of asphalt, concrete, blocks, and grids are intolerant of subgrade
swelling. For pavements of these kinds, one way to inhibit subgrade swelling is to
lay the pavement structure on a thick subbase of nonheaving material. The weight of
the material counteracts the swelling pressure in the underlying soil. This approach
is similar to that used for counteracting frost heave in cold climates.

Alternatively, the subgrade can be isolated from changes in moisture that would
cause swelling. This approach allows at most the upper layers of a pavement struc-
ture to be porous and permeable, there is an impermeable layer at some level in the
pavement (AASHTO, 1993, p. I-14; Yoder and Witczak, 1975, p. 342). Figure 3.22
shows the use of a geomembrane to isolate a substantial thickness of subgrade soil
from surface moisture and from adjacent zones where changes in moisture could
occur.

ADAPTATION TO PLASTIC SUBGRADE

Soft pockets of soil are easily recognized during earthwork operations as they
deform (“pump”’) when heavy equipment drives over them. They present weak sub-
grade which could deform under future traffic load. Though not necessarily prob-
lematic for proposed pavement types that can tolerate gentle surface undulations
such as grass, aggregate, and geocells filled with grass or aggregate, to support a less
tolerant pavement such as asphalt, concrete, or blocks, however, pockets of soft plas-
tic or organic subgrade must be corrected or compensated for before a pavement
structure is placed on them.
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FIGURE 3.22 Isolation of potentially swelling subgrade from moisture changes.

The addition of woven geotextile to the bottom of a pavement structure can help
support the pavement on soft subgrade by adding tensile strength.

The soil itself can be stabilized by mixing aggregate or cement into it and by
compacting (AASHTO, 1993; U.S. Departments of the Army and Air Force, 1995;
Rollings and Rollings, 1996, p. 249). However, binders and compaction tend to
reduce soil permeability.

Alternatively, small areas of soft soil might be economically removed and
replaced with more stable soil or aggregate. The thickness of the replacement mate-
rial spreads out the traffic load on the remaining subgrade, making deformation less
likely. Increasing the thickness of already-planned open-graded base material
increases stability, hydraulic capacity, and protection from frost, without necessarily
reducing soil permeability.

PAVEMENT ADAPTATION AT EDGES

The edges of pavements are potentially their weakest parts. Here the base and sur-
face courses come to an end, ending the lateral spreading of load and resistance to
deformation that exist elsewhere in the pavement. An unsupported or unreinforced
edge might crack or subside soon after installation. Several forms of edge support
and restraint are available.

SUPPORT OF PAVEMENT EDGES

In almost any pavement with multiple layers or courses, each successive lower layer
should extend beyond the edge of the layer above, as exemplified in Figure 3.23. The
outward extension provides lateral support for the upper layers equivalent to that at
the center of the pavement. A guideline used by some practitioners is that the exten-
sion for a given layer should be at least equal to the thickness of the layer.

A rigid surface course may require strengthening at the edge to prevent cracking
where vehicles may travel close to or across the edge. Thickening the slab is a com-
mon response to this requirement. Examples are shown in Figure 3.24.
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FIGURE 3.24 Alternative approaches to thickening a rigid pavement’s edge.

RESTRAINT OF FLEXIBLE PAVEMENT EDGES

Flexible pavements require restraint against lateral deformation at the edge, where
traffic load would otherwise push out the flexible material. Almost any block or grid
pavement requires restraint on all sides (Burton, 2000; ICPI, 2000; NCMA, 1994).
Asphalt, aggregate, and mulch require edge restraint where their settings require
crisp, firm, continuous edges.

Curbs are any relatively rigid construction units used for edge restraint. Curbs can
be made of almost any rigid material including poured-in-place concrete, units of
stone or precast concrete large enough to anchor themselves in the base course and
resist lateral forces, recycled plastic or timber pinned to the base course, or mortared
masonry. It is common for curbs to be installed first, and then for the surface material
to be placed between the curbs, an exception being certain installations of blocks in
which a concrete curb is at least partly troweled into place after the blocks are laid.
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Figure 3.25 distinguishes different curb configurations. Raised curbs are usually
about 6 inches higher than the adjacent pavement; flush and submerged curbs are
level with or below the pavement surface. All configurations perform the structural
function of edge restraint. However they have the distinctive nonstructural effects
listed in Table 3.14. They can be selected for specific projects according to the par-
ticular considerations and the costs of specific available materials. Flush curbs allow
free drainage off the pavement surface, releasing overflow drainage and potentially
clogging debris; they mark the edge visually but do not physically confine vehicular
traffic or inhibit pedestrian accessibility. Raised curbs confine drainage and debris to
the pavement surface and obstruct pedestrian accessibility, but they can be notched
at intervals to improve surface drainage or to give access to pedestrian ramps.

Another approach to edge restraint for flexible surface courses is a thin strip of
metal, plastic, or wood, held in place by stakes or pins. Many types of thin strips are
less costly than curbs. They can be used in settings such as residential driveways and
pedestrian walkways where they will not have to withstand the weight of numerous
vehicles. Figure 3.26 shows two possible configurations. Table 3.15 lists some man-
ufacturers of metal and plastic edgings. The ability of most models to resist lateral
pavement deformation depends mostly on the stakes that are driven into the base
course, so it is vital for the stakes to be long, strong, closely spaced, and firmly
attached to the edging strip. Some models of edging are designed specifically to
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FIGURE 3.25 Configurations of curbs for edge restraint.
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TABLE 3.14
Some Nonstructural Effects of Curb Configurations

Flush and Submerged Curbs Raised Curb

Drainage Free movement of runoff off the  Confinement of runoff to the
pavement surface pavement surface

Debris removal Free movement of debris off the ~ Confinement of debris to the
pavement surface pavement surface

Pedestrian accessibility Continuous accessibility across ~ Obstacle to movement at
pavement edge pavement edge

Control of vehicular traffic Visual marking of pavement edge Visual marking of pavement edge
and physical confinement of traffic

Stake
(a)
Pavement Strip edging
= o j
Stake

(b)

FIGURE 3.26 Examples of thin edgings.

restrain blocks, grids, or asphalt. Structural edging for pavements must be distin-
guished from “landscape edging” that is intended only to define planting areas.

PROTECTION OF PAVEMENT EDGES

A supplement or alternative to structural edge restraint is traffic control to keep vehi-
cles away from pavement edges. This approach is useful at pavement curves and cor-
ners (where vehicles may veer over the pavement edge) and at the ends of parking
stalls (where vehicles could roll beyond the pavement edge). Among the devices to
control traffic are wheel stops, bumper fences, and bollards.
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Porous Pavements

Examples of Manufacturers of Pavement Curbing and Edge Restraints

Company

Contact Information

Barco Products

Border Concepts
Brickstop

Carderock Stone

Collier Metal Specialties
Country Stone
Curv-Rite

Dimex

J. D. Russell Co.
Endicott Clay Products
Gappsi

Granicor

Polycor

Integrated Paving Concepts
J.D. Russell

Oly-Ola

Nitterhouse Concrete Products
Park Structures

Pave Tech

Permaloc

Petersen Mfg. Co.

Pine Hall Brick
Selectech

Snap Edge

Sure-loc Edging Corp.
Surfacing Systems
Wausau Tile

Whitacre Greer

www.barcoproducts.com
www.borderconcepts.com
www.brickstopcorportion.com
www.carderock.com
www.colmet.com
Www.countrystone.com
WWW.curv-rite.com
www.edgepro.com
www.jdrussellco.com
www.endicott.com
WWW.gappsi.com
WWWw.granicor.com
www.polycor.com
www.streetprint.com
www.jdrussellco.com
www.olyola.com
www.nitterhouse.com
www.parkstructures.com
www.pavetech.com
www.permaloc.com
www.petersenmfg.com
www.pinehallbrick.com
www.selectechinc.com
www.snapedgeusa.com
www.surelocedging.com
www.surfacingsystems.com
www.wausautile.com
WWW.wWgpaver.com

Figure 3.27 shows an example of a wheel stop. The open intervals between
wheel stops release overflow drainage and surface debris from the pavement surface.
Wheel stops manufactured from plastic or concrete can be purchased or fashioned
on-site from timber. All wheel stops need to be fixed to the pavement, usually with
metal pins driven into the pavement’s base course.

Bumper fences are low fences at the ends of parking stalls. The footings may be
located under the pavement, with the fence posts protruding from the pavement surface
or just off the edge of the pavement, making the fence free-standing. Figure 3.28 shows
an example. Solid construction is necessary to prevent damage from moving cars.

Bollards are standing posts as shown in Figure 3.29. They confine vehicular traf-
fic without confining drainage. Bollards are manufactured variously of concrete, metal,
recycled plastic, stone, and other materials. They can also be fashioned from timber,
masonry, or other materials. Many bollards are carefully shaped and colored; some
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FIGURE 3.27 Concrete wheel stops at the Castaic Lake Water Conservatory in Santa
Clarita, California, held by metal pins to a cast-in-place concrete edge; the parking lot pave-
ment is Eco-Stone open-jointed block.

come with integral light fixtures (Elber, 1994). They can be located either integrally
with a pavement, or just off the edge of the pavement. Table 3.16 lists some manufac-
turers of these devices.

Painted lines and decorative objects such as shrubs and boulders can be placed
at a pavement edge to warn traffic. Their effect in controlling traffic is visual rather
than physical.

TRADEMARKS

Table 3.17 lists the holders of registered trademarks mentioned in this chapter.
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FIGURE 3.28 Timber bumper fence at the porous asphalt parking lot at Walden Pond State

Reservation in Concord, Massachusetts.

TABLE 3.16

Examples of Manufacturers of Wheel Stops, Bumper Fences, and Bollards

Supplier

Contact Information

Ameron International

Barco Products

BRP Enterprises

Canterbury International

Dura Art Stone

Polycor

LSI Greenlee Lighting
Interlock Concrete Products
Ironsmith

Keystone Ridge

Kim Lighting

Louis Poulsen & Company
Nitterhouse Masonry Products
Petersen Mfg. Co., Concrete Leisure Division
Plastic Lumber

Hammer’s Plastic Recycling
Prosec

Quick Crete Products

SPJ Lighting

Spring City Electrical Manufacturing Co.
Stewart Iron Works

W. J. Whatley, Inc.

Wausau Tile, Inc.

www.ameron-intl.com
www.barcoproducts.com
www.brponline.com
www.canterburyintl.com
www.duraartstone.com
www.polycor.com
www.lsi-industries.com
www.interlock-concrete.com
www.ironsmith.cc
www.keystoneridgedesigns.com
www.kimlighting.com
www.louispoulsen.com
www.nitterhouse.com
www.petersenmfg.com
www.plasticlumber.com
www.hammersplastic.com
WWW.prostop.com
www.quickcrete.com
www.spjlighting.com
www.springcity.com
www.stewartironworks.com
www.whatley.com
www.wausautile.com
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FIGURE 3.29 Metal bollards confining vehicles to a concrete pavement and away from a
pedestrian block pavement.
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TABLE 3.17

Porous Pavements

Holders of Registered Trademarks Mentioned in This Chapter.

Registered Trademark

Holder

Headquarters Location

Ameron

Barco

Border Concepts
BP

Brickstop

BRP

Canterbury
Carderock
Carthage Mills
Collier Metal Specialties
Country Stone
Curv-Rite
Dimex

Dura Art Stone
Eco-Stone
Endicott

Gappsi

Granicor
Grasspave?
Gravelpave?
Hammer’s Plastic
Integrated Paving Concepts
Interlock Concrete Products
Tronsmith

J.D. Russell
Kim Lighting
Louis Poulsen
LSI Industries
Maccaferri
Mirafi
Nitterhouse
Oly-Ola

Park Structures
Pave Tech
Permaloc
Petersen Mfg.
Pine Hall Brick
Plastic Lumber
Polycor

Prosec

Quik Crete
Selectech

SI

Snap Edge

SPJ

Ameron International
Barco Products

Border Concepts

BP p.lc.

Brickstop

BRP Enterprises
Canterbury International
Carderock Stone

Carthage Mills

Collier Metal Specialties
Country Stone

Curv-Rite

Dimex

Dura Art Stone

F. von Langsdorff Lic. Ltd.
Endicott Clay Products
Gappsi

Granicor

Invisible Structures
Invisible Structures
Hammer’s Plastic Recycling
Integrated Paving Concepts
Interlock Concrete Products
Tronsmith

J.D. Russell

Kim Lighting

Louis Poulsen & Company
Greenlee Lighting
Maccaferri, S.p.A.

Mirafi Construction Products
Nitterhouse Masonry Products
Oly-Ola

Park Structures

Pave Tech

Permaloc

Petersen Mfg. Co.

Pine Hall Brick

Plastic Lumber

Polycor

Prosec

Quick Crete Products
Selectech

SI Geosolutions

Snap Edge

SPJ lighting

Pasadena, California
Batavia, Illinois
Charlotte, North Carolina
London, UK

Toronto, Ontario
Lincoln, Nebraska

Los Angeles, California
Bethesda, Maryland
Cincinnati, Ohio
Garland, Texas

Rock Island, Illinois
Wayland, Michigan
Marietta, Ohio

Fontana, California
Mississauga, Ontario
Fairbury, Nebraska
Commack, New York

St. Augustin, Quebec
Golden, Colorado
Golden, Colorado

JTowa Falls, Iowa

Surrey, British Columbia
Jordan, Minnesota

Palm Desert, California
Tucson, Arizona

City of Industry, California
Ft. Lauderdale, Florida
Cincinnati, Ohio
Williamsport, Maryland
Pendergrass, Georgia
Chambersburg, Pennsylvania
Villa Park, Illinois

Coral Springs, Florida
Prior Lake, Minnesota
Holland, Michigan
Denison, Towa
Winston-Salem, North Carolina
Akron, Ohio

Quebec City, Quebec
Bensalem, Pennsylvania
Norco, California
Taunton, Massachusetts
Chattanooga, Tennessee
St. Charles, Illinois
South El Monte, California
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Registered trademark

Holder

Headquarters Location

Spring City

Stewart Iron Works
Sure-Loc
Surfacing Systems
Tensar

Terratex

Trevira

W.J. Whatley
‘Wausau Tile
‘Webtec

Whitacre Greer

Spring City Electrical
Manufacturing Co.
Stewart Iron Works
Sure-loc Edging Corp.
Surfacing Systems
Tensar

Interface Fabrics Group
Trevira

W. J. Whatley
Wausau Tile

Webtec

Whitacre Greer

Spring City, Pennsylvania

Covington, Kentucky
Holland, Michigan
Hicksville, New York
Atlanta, Georgia

Atlanta, Georgia
Frankfurt, Germany
Commerce City, Colorado
‘Wausaw, Wisconsin
Charlotte, North Carolina
Alliance, Ohio

the University of Guelph and Computational Hydraulics International (www.chi.on.ca);
Raymond Rollings of the Army Corps of Engineers (www.crrel.usace.army.mil); and
David R. Smith of the Interlocking Concrete Pavement Institute (www.icpi.org).
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Given the large area that pavements occupy, the volume of drainage water that
pavements control is vast. What happens to that water is a question vital to the wel-
fare of people, and is one of the driving forces behind the increasing application of
porous pavement materials. This chapter reviews the types of hydrologic effects that
porous pavements can have and the characteristics they can be given to bring about
those effects.

Those requiring a basic background in urban hydrology, its importance, its man-
agement alternatives, and its quantitative modeling are referred to Ferguson’s
Stormwater Infiltration (1994) and Introduction to Stormwater (1998), and Debo
and Reese’s (2002) Municipal Storm Water Management. Updates in evolving
stormwater management technologies are available on the web sites of the Center for
Watershed Protection (www.cwp.org), the Low Impact Development Center
(http://lowimpactdevelopment.org), Nonpoint Education for Municipal Officials
(www.nemo.uconn.edu) and Stormwater magazine (www.stormh2o.com). Table 4.1
defines some terms with particular application to porous pavement hydrology.

TABLE 4.1
Some Terms with Particular Application to Porous Pavement Hydrology
Term Definition
Best management practice (BMP) Any method believed to be effective in preventing or reducing

pollution or otherwise protecting the environment

Design storm (design condition) Particular rainfall or runoff condition for which a porous
pavement or an overall drainage system is designed, or in
terms of which its performance is characterized

Evaporation Movement of water into the atmosphere as a vapor

Evapotranspiration Movement of water into the atmosphere by a combination
of evaporation and transpiration

Hydrology Flow and storage of water

Infiltration Movement of a fluid into the surface of a porous substance

Permeability The rate at which a fluid flows through a porous substance,

Porosity (void space)
Reservoir routing

under given conditions
The portion of a volume of material that is not solid
Mathematical model which relates a reservoir’s inflow, out-
flow, and change in storage over successive time increments

Storm flow Relatively high stream flow during storm events
Stormwater Water that occurs during storms

Snowmelt Liquid water that occurs during thawing of snow and ice
Transpiration Emission of water vapor by plants
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Rainfall
or snowmelt

Onflow

Evaporation

Addmona\ base course

Discharge

Reservoir

L\ S\Jbgrade

FIGURE 4.1 Hydrologic features and processes that could occur in a porous pavement
(adapted from Diniz and Espey 1979, p. 50; Goforth et al., 1983, p. 3; Jackson and Ragan
1974; Smith, 2001, p. 16).

Figure 4.1 summarizes major hydrologic features and processes that could occur
in a porous pavement. A pavement’s hydrology begins at the surface with rainfall or
snowmelt, at least some of which infiltrates the pavement’s surface. Some additional
water may arrive as runoff from off-pavement areas. Water infiltrating the pavement
surface may further infiltrate the subgrade soil; the remainder overflows at the ele-
vation provided for in the pavement’s construction. Storage in the pavement’s reser-
voir takes up temporary differences between rates of inflow and outflow.
Evaporation pulls water back into the atmosphere at every stage.

Hydrologic models mathematically relate hydrologic flows and storages over
time. They are useful because they allow the rapid comparison of clearly defined
design alternatives. Some sort of modeling is almost inescapable in the design of
porous pavements that must meet quantitative hydrologic performance criteria.
Various combination of the hydrologic element of porous pavements can be written
into ad hoc spreadsheets or large watershed models. They have been included in
models by Jackson and Ragan (1974) Goforth et al. (1983); Debo (1994); Kipkie and
James (2000); and James et al. (2001). Some models treat porous pavements merely
as modifications to the land surface, having distinctive runoff or “depression stor-
age” parameters. Other models take into account further processes in a pavement
such as reservoir storage and soil infiltration.

The James model was developed relatively recently. It is distributed by
Computational Hydraulics International (www.chi.on.ca) and Uni-Group USA
(www.uni-groupusa.org) under the name PC-SWMM for Permeable Pavements. For
a designated design storm it estimates surface runoff, depth of ponding in the base
reservoir, and discharge from the base. It functions as a module of the U.S.
Environmental Protection Agency’s Storm Water Management Model. 1t is built
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upon earlier work by Diniz and others (Diniz, 1976; Diniz and Espey, 1979,
pp- 41-62; Goforth et al., 1983; Huber and Dickinson, 1998; James et al., 1998).

Not all hydrologic modeling is completely accurate.The relative accuracy of dif-
ferent hydrologic modeling approaches has been the subject of long arguments.
Many of those arguments have in fact been unresolvable, because they have taken
place without the benefit of actual measured on-site hydrologic data. Relatively
accurate results can be obtained only from a model that has been calibrated to actual
local conditions. Too frequently — in fact, routinely — practitioners have to design
facilities that are going to be built right away, in locales where similar features have
not been monitored. In these cases, models based on general knowledge must
inevitably be used to estimate hydrologic processes, with the understanding that site-
specific accuracy is not a definable issue.

SURFACE INFILTRATION AND RUNOFF

The beginning of a porous pavement’s hydrology is the partitioning of rainfall or
snowmelt into surface infiltration and runoff. Table 4.2 lists some terms with dis-
tinctive application to surface infiltration and runoff.

SURFACE INFILTRATION RATE

A pavement’s surface infiltration rate is measured with water ponded on top of the
pavement (Rollings and Rollings, 1996, p. 184). In the laboratory, samples of pave-
ment material are enclosed in boxes or cylinders to hold the water. In the field, small
areas of pavement are diked or walled off to hold the water. Table 4.3 lists some test
procedures for infiltration rate and permeability that have been standardized by
ASTM (www.astm.org); other valid test procedures also exist but have not yet been
standardized at this level.

Sustained ponding of the water yields the measurement of what is technically
known as saturated hydraulic conductivity K, the permeability in saturated conditions
under a unit pressure gradient. In the ponded test condition, all the available pore space
is continuously used to pass water into and through the pavement’s surface layer.

After the diking is removed and a pavement is put into service, surface ponding,
if it ever exists, can seldom exceed a fraction of an inch in depth. Under such shal-
low ponding the value of the pressure gradient approaches unity, and the infiltration
rate into the saturated pavement surface is equal to K (Ferguson, 1994, p. 92).
Consequently, for saturated porous pavement surfaces the terms “infiltration rate”
and “saturated hydraulic conductivity” can be used almost interchangeably.

Table 4.4 lists the saturated infiltration rates of some porous pavement surfaces,
with those of some other surfaces for comparison. Further observations of the infil-
tration rates of specific paving materials are described in later chapters.

Open-jointed blocks, open-celled grids and plastic geocells form composite
pavement surfaces, of which part is the solid material of the blocks or lattices and
part is the grass or aggregate fill. The overall infiltration rate Icomposite of a com-
posite surface is given by,

Icomposite = Isolid X (solid area / total area) + Ifj]] X (fill area / total area),
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Some Terms with Particular Application to Surface Infiltration and Runoff

Term

Definition

Antecedent moisture
Catchment (catchment area)
Cfs

Curve number

Darcy’s law

Drainage area (drainage basin)
Depression storage

Head

Hydraulic conductivity
Runoff (direct runoff, surface runoff)
Manning’s equation

Runoff coefficient

Saturated hydraulic conductivity (K)
SCS

Time of concentration

Quantity of moisture present in a porous material before a
rainfall or snowmelt event begins

Drainage area; watershed

Cubic feet per second

In the SCS hydrologic model, a summary characteristic of
watershed soil and cover which quantifies the relationship
between rainfall and runoff

Relationship between flow rate through a porous medium,
pressure gradient, and the medium’s hydraulic conductivity

Catchment area; watershed

Surface water retained in ground surface depressions, and even-
tually evaporated or infiltrated rather than contributing to
runoff

Difference in elevation between two points in a fluid, producing
pressure

Permeability under a given head or pressure of water

Water that flows on or near the ground surface during storms

Relationship between flow rate and the slope, shape, and
roughness of the surface over which water flows

Ratio of surface runoff to rainfall

Hydraulic conductivity under saturated conditions

Soil Conservation Service, a branch of the U.S. Department of
Agriculture, which developed a hydrologic model using the
curve number (the model still bears the SCS name although
the agency’s name was later changed to the Natural
Resources Conservation Service)

The time runoff takes to flow to a drainage area’s discharge
point from the most distant point in the area

Watershed Area having a topographic surface that drains to a given dis
charge point
TABLE 4.3
Examples of ASTM Standard Tests for Infiltration Rate and Permeability
Number  Title
D 2434 Standard Test Method for Permeability of Granular Soils (Constant Head)
D 3385 Standard Test Method for Infiltration Rate of Soils in Field Using Double-Ring Infiltrometer
D 5093 Standard Test Method for Field Measurement of Infiltration Rate Using a Double-Ring

Infiltrometer with a Sealed Inner Ring

where Igolid is the infiltration rate of the solid block or lattice material, and /fj]] is the
infiltration rate of the fill material. Where the solid material is essentially impervious,
the value of I5glijd approaches zero, and the infiltration rate of the composite surface

reduces to,
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TABLE 4.4

Porous Pavements

Surface Infiltration Rates under Saturated Conditions (Saturated Hydraulic

Conductivity K)

Surface Type

Infiltration Reference
Rate (inch/hour)

Porous pavement surfaces
Unbound aggregate
1" uniform size
1/2" uniform size
1/4" uniform size
0.09" to 0.75" in size
0.08" to 0.75" in size
Turf on loamy soil, 2-10 years old
Earth disturbed during construction
Earth not disturbed during construction
Open-jointed blocks with 0.08" to 0.20"
aggregate fill
Initially built
6 years after construction
Open-celled grids with cells in 10%+
of surface area
With 0.1" to 0.2" aggregate fill
With 2/5 mm aggregate fill
0.1 year after installation
2 years after installation
4.5 years after installation
8 years after installation
Two years after installation
With 2/5 mm aggregate fill
With 1/3 mm aggregate fill
With 0/2 mm aggregate fill
Porous concrete
Properly constructed

Over-vibrated during construction

Porous asphalt
Immediately after construction

After 3 to 4 years

After 4 years of winter sanding
Other surfaces
Forest soil

Clay loam desert soil with partial shrub cover

Dense-graded aggregate
Coarse sand

50,000 AASHTO, 1986, p. AA-18

15,000 AASHTO, 1986, p. AA-18

2500 AASHTO, 1986, p. AA-18

1500 AASHTO, 1993, p. I-19

1300 AASHTO, 1993, p. I-19

02t 1.1 Hamilton, 1990, pp. 47-54

1.9t0 3.9 Hamilton, 1990, pp. 47-54

9.2 Borgwardt, 1999

4.1 Borgwardt, 1999

40+ Pratt et al., 1995

9.4 Borgwardt, 1997a, 1997b

6.1 Borgwardt, 1997a, 1997b

4.8 Borgwardt, 1997a, 1997b

4.12 Borgwardt, 1997a, 1997b

6.1 Borgwardt, 1997b

4.0 Borgwardt, 1997b

2.8 Borgwardt, 1997b

670 to 900 Wingerter and Paine, 1989,
App. P-1 and P-3

1.25t0 24 Wingerter and Paine, 1989,

App. P-1 and P-3

170 to 500+ St. John and Horner, 1997, p. xvi;
Thelen and Howe, 1978, p. 13;
Wei 1986, pp. 6-11

15 to 39 Wei, 1986, pp. 6-28 and 7-28

1.4 St. John and Horner, 1997

8 to 60 Lull and Rinehart, 1972

09to 1.9 Smith and Leopold, 1942

0.5to0 10 AASHTO, 1986, p. AA-18

0.39 to 100 AASHTO, 1986, p. AA-18; van der

Leeden et al., 1990, p. 284
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TABLE 4.4 Continued

Surface type Infiltration Reference
Rate (inch/hour)

Dense concrete <0.00002 Rollings and Rollings, 1996, p. 149;
and derived from Kosmatka and
Paranese, 1988, p. 8

Dense asphalt 0.00006 to 6 Rollings and Rollings, 1996, p. 149

Values for open-jointed blocks and open-celled grids apply to the entire composite surfaces (0/2, 1/3, and
2/5 are German specifications for aggregate respectively O to 2, 1 to 3, and 2 to 5 millimeters in size).

Icomposite =Ifill X (fill area / total area).

The surface infiltration rates of some porous pavements change over time, due to
processes such as compaction, sedimentation, migration of pavement binder, and
aggregation of soil particles by growing vegetation. The infiltration rate of a specific
pavement surface at a given moment in time depends on the quality of materials and
construction, and the history of compaction and sedimentation. The infiltration rate
assigned for the design of a surface should be a typical value which will apply for
the life of the pavement. Surface infiltration rate can be protected as described in
Chapter 2, and maintained and restored as described for specific materials in later
chapters of this book.

RUNOFF COEFFICIENT

A runoff coefficient is a ratio of surface runoff to rainfall. Its value can range from
0 to 1. It can be used to estimate surface runoff in hydrologic models.

A pavement’s runoff coefficient is measured in the field with natural rainfall, or in
the field or laboratory with “artificial rainfall” sprinkled from above. Rain falling in
drops tends not to saturate a pavement’s surface pores as does ponded water during
measurement of infiltration rate. Instead, the drops of rainwater, after first bouncing off
the pavement’s surface, wend their way randomly into the pavement’s openings, form-
ing a constantly shifting mosaic of water and air in the material’s pores.

A porous pavement’s runoff coefficient varies from storm to storm. Its value is
relatively low during small, soft storms, when most of the rainfall infiltrates the sur-
face. It is relatively high during intense storms, when the surface becomes more
flooded and a greater proportion of the rainwater becomes surface runoff. On turf
and fine aggregate surfaces the coefficient can be increased by antecedent moisture
retained from previous storms in the numerous small pores.

Table 4.5 lists runoff coefficients reported for porous pavement materials, with
those of some dense materials for comparison. A value for porous concrete has not
yet been established; its value would presumably be comparable to that of porous
asphalt. The coefficients for most porous pavements are below 0.5, which means that
they are hydrologically more similar to grass than to dense pavements. In the
absence of a specific reported value for a proposed porous pavement installation, one
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TABLE 4.5

Runoff Coefficients of Pavement Surfaces

Surface Type Runoff Reference
Coefficient

Porous pavement surfaces

Aggregate
Range of gradations 0.30 to 0.70 USFAA, 1965, Appendix 1, p. 1:
Turf, grass cover greater than 50 percent 0.05 to 0.53 Chow et al., 1988, p. 498; van der

Leeden et al.,1990, p. 76
Open-jointed blocks

With 0.80" to 0.20” aggregate fill 0.30 to 0.50 Borgwardt 1999, p. 69, and 1997b,
p.- 10
Open-celled Checkerblock and Monoslab grids
With topsoil and Kentucky bluegrass 0.00 to 0.27 Day et al., 1981, p. 30
Open-celled Turfstone (Turfblock) grids
With sandy loam and Bermuda grass 0.18 to 0.36 Goforth et al., 1983, p. 65
With topsoil and Kentucky bluegrass d0.00 to 0.56  Day et al., 1981, p. 30
Porous asphalt
Newly installed 0.12 to 0.40 St. John and Horner 1997, p. xvi
3 to 4 years after installation 0.18 to 0.29 Wei 1986, pp. 7-34
Dense pavement surfaces
Dense asphalt 0.73 t0 0.95 Chow et al., 1988, p. 498; van der

Leeden et al., 1990, p. 76; St.

John and Horner 1997, p. xvi
Dense concrete 0.75 to 0.97 Chow et al., 1988, p. 498; van der

Leeden et al., 1990, p. 76

Where a range of values is given the higher values are for steep slopes, intense storms, and relatively
impermeable surfaces.

might justifiably assign the pavement the same runoff coefficient that would be used
for grass on the same site.

Although the runoff coefficients of porous pavements are generally low, they are
higher than would be predicted from the materials’ saturated hydraulic conductivi-
ties. Table 4.6 illustrates this paradox directly in an observation of porous asphalt at
Walden Pond State Reservation in Massachusetts. Based on Walden’s K values, one
might predict a runoff coefficient of zero during any rainfall lower than 17 inches per
hour. But during rainfall of only 3.5 inches per hour, approximately one quarter of
the rainwater became runoff. Because the rainwater did not completely saturate and
utilize the surface pores, it infiltrated at only a fraction of the pavements’ saturated
hydraulic conductivities. This means that as indicators of a pavement’s runoff pro-
duction during rainstorms, it is correct only to use the results of runoff tests and not
those of infiltration tests that artificially saturate the surface.

Another way to describe a pavement’s runoff production is the curve number in
the SCS hydrologic model (U.S. Soil Conservation Service, 1986). Research has not
yet been done to measure curve-number values for porous pavement surfaces. Until
it is done, values could be estimated by analogy with the measured runoff coeffi-
cients listed above.
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TABLE 4.6
Contrasting Infiltration and Runoff Rates in Porous Asphalt Pavements at
Walden Pond State Reservation, Massachusetts, 3 to 4 Years after Installation

Pavement Pavement Reference
Mixture J3 Mixture K
Saturated hydraulic conductivity K 17 inch/h 39 inch/h Wei 1986, pp. 6-28
Runoff coefficient during 0.29 0.18 Wei 1986, pp. 7-34
rainfall of 3.5 inch/h
Infiltration rate during rain rainfall 2.5 inch/h 2.9 inch/h Calculated
Infiltration rate during rainfall as 15 percent 7 percent Calculated

proportion of K

RUNOFF VELOCITY AND TRAVEL TIME

During a given storm, the peak runoff rate reaching the low edge of a pavement or
the bottom of a watershed is influenced by the runoff’s velocity of travel across the
surface. In many hydrologic models the velocity is reflected in the “time of concen-
tration”: the amount of time runoff takes to travel to the discharge point from the
most distant point on the surface. Peak runoff rate increases with increasing veloc-
ity and thus with decreasing time of concentration.

Flow velocity across porous pavement surfaces has not been measured in actual
observations. Until such measurements are made, velocity and travel time must be
estimated by applying general theoretical knowledge. A theoretical basis for esti-
mating sheet-flow travel time across a surface is the following version of Manning’s
equation (James, James and von Langsdorff, 2001; Overton and Meadows, 1976,
pp- 58-88, cited in U.S. Soil Conservation Service, 1986, p. 3-3),

T,=0.007 (n L)*$ / [( P,)"% 504,

where:

T, = travel time (hour),
n Manning’s roughness coefficient,
L = length of flow path (feet),
P
s

2-year, 24-hour rainfall (inches),
slope of surface along flow path (feet per feet).

2

The equation can be applied to estimate travel time for a proposed pavement. In
addition, the factors in the equation can be analyzed to determine the general type of
effect that porous pavements should have on travel time, when compared with dense
pavements.

One relevant factor is surface roughness n, some values for which are listed in
Table 4.7. The table shows that complex grass surfaces have n values many times
higher than those of dense, smooth pavements. Many porous pavement surfaces pre-
sumably have values intermediate to those of dense pavements and grass, like those
reported for open-jointed paving block. According to Manning’s equation, porous
pavements’ high n values increase runoff travel time as compared with that on a
dense pavement of the same length and slope.
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TABLE 4.7
Manning’s Roughness Factor n for Sheet Flow

Surface Type Manning’s n

Porous pavement surfaces

Bermuda grass 0.41
Bluegrass and other “dense grasses” 0.24
Eco-Stone open-jointed paving block 0.03
Dense pavement surfaces

Smooth surfaces (dense concrete, dense asphalt) 0.011

James et al. (2001); U.S. Soil Conservation Service (1986, p. 3-3).

A second relevant factor is the depth of runoff on the surface, which is reflected
in the equation in the precipitation P that generates the runoff. As runoff depth
decreases, a surface’s roughness has on average more contact with the flowing water
and impedes its velocity. The runoff coefficients listed earlier in this chapter indicate
that porous pavements produce much less runoff than dense surfaces do; the shallow
flows are in intimate contact with the rough pavement surfaces. According to
Manning’s equation, porous pavements’ shallow runoff has a longer travel time than
does the comparatively deep runoff on dense pavements.

Together, porous pavements’ great roughness and shallow runoff multiply into
the equation to produce longer travel time than that on otherwise similar dense pave-
ments. For example, if an open-jointed paving block’s runoff coefficient is one-half
that of dense pavement, and its roughness is three times greater, then Manning’s
equation would predict that the travel time is 3.4 times longer. Its peak runoff rate
would be correspondingly low. The degree of attenuation varies with each surface’s
roughness and the amount of runoff in specific storm conditions.

RUNOFF OBSERVATIONS AT SYMPHONY SQUARE, AUSTIN, TEXAS

Several aspects of a porous pavement’s runoff were directly observed in Austin,
Texas. Goforth et al. (1983, pp. 14-15, 18-20, 65) monitored runoff from a parking
lot surfaced with Turfstone open-celled grids located at the intersection of
Symphony Square and Red River Street. The lot was 0.14 acre in area and held 14
parking spaces; its surface sloped at 4.0 percent. The grids were laid directly on nat-
ural clay subgrade. The open cells of the 3-inch-thick grids were filled with sandy
loam and planted with Bermuda grass which was in healthy, uniform condition at the
time of the study. Infiltration into the subgrade was considered insignificant.

The researchers sprinkled artificial “rainfall” onto the pavement and measured
the resulting runoff. During each event they maintained a constant rainfall rate until
the pavement’s runoff reached a stable peak rate. Figure 4.2 shows that the peak
runoff rate was only a fraction of the rate of precipitation. Figure 4.3 shows that the
time to peak was 20 minutes or more after the start of precipitation, even when rain-
fall intensity approached 2 inches per hour. The porous surface reduced and attenu-
ated runoff even though infiltration a few inches below the surface was made
insignificant by the impermeable subgrade.
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FIGURE 4.3 Time (after beginning of uniform rainfall) to peak runoff at the Symphony
Square parking lot (data from Goforth et al., 1983, p. 65).

DISPOSITION OF WATER BELOW PAVEMENT SURFACE

After water infiltrates a pavement surface, some of it is retained in the pavement’s
pores, where it is available for evaporation. The remainder drains downward to the
pavement’s reservoir, perhaps after a delay due to slow movement through the pave-
ment’s pores. Two research teams have observed this combination of processes.
Andersen et al. (1999), in their laboratory in England, constructed porous pave-
ment samples and simulated rainfall onto them. The pavement surfaces were open-
jointed CeePy concrete blocks (CeePy is a model available in Britain). The blocks
were laid on a variety of aggregate setting-bed materials; their joints were filled with
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aggregate. The samples had no base reservoirs; water that drained through the blocks
and bedding fell out through a screen.

Figure 4.4 illustrates the drainage through one of the laboratory pavement struc-
tures during an experimental “storm.” For the first 25 minutes there was no through-
flow as the pavement structure was being wetted. Once throughflow started, it was
lower than the rainfall, and continued at a low rate for more than 60 minutes after
rainfall ceased.

In general, throughflow was smallest and delay was greatest in pavements with
relatively small bedding particles; evidently the large internal surface area of small
aggregate particles offered great opportunity for clinging, and absorption of water.
During a one-hour event of 0.6 inch per hour, with small aggregate in the setting bed,
55 percent of the water could be retained in an initially air-dry structure, and 30 per-
cent in an initially moist structure. The water that did not drain through evaporated.
The rate of evaporation was greatest in the hours immediately following the rain
event, when the structure was wettest.

Brattebo and Booth (2003) observed drainage through several types of porous
and dense pavement surfaces at a parking lot in Renton, Washington. They moni-
tored flow during one winter rainy season when the rainfall was typically gentle and
there were no long periods of freezing weather or snow accumulation. Essentially all
precipitation infiltrated the porous pavement surfaces.

Figure 4.5 shows the drainage during one storm event 4 inches below a surface
of Turfstone concrete grids with the cells filled with soil and grass. Initially there
was no throughflow, as rainwater merely wetted the pavement’s grids and soil. After
throughflow started, it lagged behind the rainfall due to its travel time through the
soil and then through a pipe to the recording device. The storm’s total throughflow
volume was almost equal to that of the rainfall: evaporation was small in the cold
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FIGURE 4.4 Rainfall on and drainage through a surface of open-jointed concrete blocks on
a one-inch-thick bed of 0.2 to 0.4 inch aggregate (after Andersen et al., 1999, Figure 7).
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FIGURE 4.5 Rainfall on and drainage below a parking lot surface of Turfstone with soil and
grass in Renton, Washington, during the storm of November 20-21, 2001 (after Brattebo and
Booth, 2003, Figure 3).

winter night. In contrast, surface runoff on nearby dense asphalt closely mimicked
the rainfall rate; the dense material’s runoff coefficient was close to 1.0.

STORAGE IN PAVEMENT RESERVOIR

A pavement’s reservoir is any portion of the pavement that stores or conveys water
while the water discharges. Reservoir storage takes up any temporary difference
between drainage from the pavement surface and outflow to soil infiltration and lat-
eral discharge. In any increment of time, storage follows the principle of the basic
water balance or “reservoir equation,”

AStorage = inflow — outflow,

where A Storage is the change in storage (the Greek letter D, delta, is a symbol for
difference or change). Given the characteristics of a reservoir and its outlets, storage
and discharge during a given storm event can be modeled quantitatively by “reser-
voir routing,” which relates the reservoir’s inflow, outflow, and storage over succes-
sive time increments (Ferguson, 1994, pp. 157-159).

STORAGE CAPACITY

A pavement reservoir’s storage capacity is equal to the void space in the reservoir
material. It can be expressed in units such as cubic feet. It can also be expressed as
a proportion of the material’s total volume,

V4 = void volume / total material volume,

where V{ is void space or porosity, and the total material volume includes both void
space and solid material.
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The same value of V{ relates equivalent depth of water in the voids to the reser-
voir material’s total thickness. With equivalent void thickness and total material
thickness in inches,

V4 = equivalent void thickness / total material thickness.

For example, when 1 inch of water enters reservoir material with 33 percent
porosity, the water rises 3 inches in the material. In this case, 3 inches is the total
thickness of reservoir material, and 1 inch is the equivalent depth of water occupy-
ing the void space.

If a reservoir is to hold a predetermined volume of water for stormwater man-
agement, the total volume of reservoir material required to produce the necessary
storage capacity is given by

Total material volume = water storage volume / V,

If the reservoir is to hold a predetermined depth of water such as a depth of pre-
cipitation, the total thickness of reservoir material required to produce the necessary
storage capacity is given by

Total material thickness = water storage depth / V4.

The most common material in base reservoir construction is open-graded (single-
size) aggregate such as ASTM No. 57, which tends to have a porosity of 30 to 40 per-
cent. Because a reservoir’s storage capacity depends completely on the material’s
porosity, open-graded aggregate must be specified explicitly. The aggregate particles
need not be large to produce this amount of void space; as a percentage the void space
in all single-size aggregates is in the same range. Within that range, the exact amount
depends on the particles’ angularity: void space increases from about 30 percent for
rounded particles to 40 percent and even higher for very angular particles (Shergold,
1953). The void space in a particular aggregate can be determined by a simple labo-
ratory test (ASTM C 29). Many aggregate producers have void-space test data on file
for their standard products. In the absence of project-specific aggregate data, specify-
ing open-graded material and then assuming a value from the lower part of the 30 to
40 percent range would prudently take into account uncertainties in the material.

Perforated pipes and manufactured chambers can supplement a reservoir’s stor-
age capacity. They generate hydraulic capacity efficiently: the void space in many
such devices is over 90 percent. Some of them allow access for monitoring and
maintenance. Table 4.8 lists examples of stormwater chamber suppliers. Most sup-
pliers provide guidelines for installation of their products. The installation of pipes
should follow local practices applying to drainage pipes in general, including a min-
imum diameter for maintenance access a specified amount of backfill cover, and ele-
vation of the flow line in relation to frost depth.

RESERVOIR CONFIGURATION FOR EFFECTIVE STORAGE

To store water, a reservoir must be configured to accommodate the elevations to
which water at rest will naturally conform. The outlet elevation sets a reservoir’s
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TABLE 4.8

Examples of Suppliers of Stormwater Storage Chambers

Product Company Contact Information
Contech Contech www.contech-cpi.com
LandMax and EnviroChamber Hancor www.hancor.com
Rain Store Invisible Structures www.invisiblestructures.com
Recharger Cultec www.cultec.com
Single Trap and Double Trap StormTrap www.stormtrap.com
Storm Compressor Advanced Drainage Systems www.ads-pipe.com
StormChamber Hydrologic Solutions www.hydrologicsolutions.com
Stormtech Stormtech www.stormtech.com
StormVault Jensen Precast www.stormvault.com

upper storage boundary. Only the portion of a reservoir below that elevation stores
water. Reservoir capacity constructed on a slope above that elevation cannot function
for storage except when there are temporary and modest rises when there are storms.
Two experiences in the field illustrate the importance of accommodating water level.

A porous asphalt parking lot in Austin, Texas exemplifies a hydrologically suc-
cessful and efficient reservoir configuration. Although the parking lot was temporary
and experimental, its installation and performance were thoroughly documented
(Goforth et al., 1983, p. 42). It was built and monitored in 1981 at the city Public
Works Department’s truck maintenance yard on Kramer Lane. It provided 20 park-
ing spaces on about 0.2 acres. Figure 4.6 shows the construction.

The subgrade was limestone bedrock and dense residual soil, both of which
were essentially impervious. The firm subgrade and low frost hazard eliminated
structural demands for a thick base course, so the base thickness was determined pri-
marily by stormwater storage capacity in the base material’s 35 percent void space.
A perforated pipe discharged water from the low end of the reservoir.

The objective was to hold the total precipitation from a storm of 5.2 inches while
releasing it through the perforated pipe. If the reservoir had been level, a uniform
13 inch thickness would have provided the required storage. However, the rock sub-
grade sloped at 1.5 to 2.0 percent. Consequently, the upslope end of the base was made
thick enough to handle the mechanical traffic load only, which established the eleva-
tion of the top of the reservoir. At that elevation the surface was made level, producing
a thickness of 24 to 30 inches at the downslope end and an average thickness of 15 or
16 inches, which produced total storage volume sufficient for the design storm.

As water filled the reservoir’s void space, the water surface would rise. The level
water surface paralleled the level pavement surface, making efficient use of the con-
structed reservoir volume. Although a level pavement surface has the disadvantage
of possible surface puddling in the event of an extraordinarily large storm or the
clogging of some part of the pavement, the Kramer Lane configuration made the
base reservoir’s entire volume functionally available for water storage, and confined
pavement discharge to its intended route through the perforated pipe.

In contrast, a porous asphalt parking lot in Warrenton, Virginia illustrates how a
sloping base reservoir can create inadvertent overflows and fail to store the intended
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FIGURE 4.6  Construction of the Kramer Lane porous asphalt parking lot in Austin, Texas
(based on data in Goforth et al., 1983, p. 42).

water volume. The lot was built at the intersection of Routes 29 and 605 by the
Virginia Department of Transportation for commuters transferring between cars and
busses (Wyant, 1992, pp. 4, 10, 41, 46). The lot opened for use in 1987 and was still
extant in 2000. The porous asphalt area of 2.0 acres holds the parking stalls and turn-
ing lanes for 213 cars.

Figure 4.7 shows the construction. The sloping base reservoir is of uniform
thickness. Perforated pipes located throughout the reservoir discharge to a storm
sewer. Perforated monitoring wells are distributed throughout the lot.

The objective was to detain rainwater from the two-year storm while it dis-
charged to the perforated pipes; little infiltration was possible into the compacted,
fine-textured subgrade. It was expected that the uniform 6-inch reservoir thickness
below the outlet pipes’ perforations would produce sufficient storage capacity in the
aggregate’s 40 percent void space.

The Virginia Transportation Research Council monitored the lot’s performance.
The researchers observed during storms that water never rose to a visible level in the
monitoring wells at the pavement’s higher elevations, that outlet-pipe discharge
started at the structure’s low end earlier than that from anywhere else in the parking
lot, and that large amounts of water overflowed from the pavement surface at the low
edge. All of these results were unexpected and inadvertent.

The Warrenton parking lot did not retain water the way it was intended to
because water drained down to the sump at the pavement’s low edge; it was not held
in the large uphill portions of the sloping base reservoir. The reservoir volume that
actually stored water was only 21 percent of the volume that had been built.

To make a flat reservoir on a sloping site, the subgrade surface can be terraced,
with terraces compartmentalized by berms (Cahill, 1993, p. 26). Figure 4.8 shows
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FIGURE 4.8 Terraced porous asphalt parking bays at the Siemens office in Great Valley,
Pennsylvania (after project drawing by Andropogon Associates).

terracing at the Siemens porous asphalt parking lot in Pennsylvania, where a series
of parking bays step down a long slope. Each terrace slopes at no more than 3 per-
cent, to minimize unused storage space. This installation will be described further in
Chapter 12.

ALLOWABLE PONDING TIME

Ponding time is the length of time water occupies a reservoir following a design
storm or snowmelt event. It is sometimes called drawdown time because it is the
length of time for a completely filled reservoir to be drained out by perforated pipes
or soil infiltration.

Ponding time in a base reservoir following a storm or snowmelt event must be lim-
ited in order to restore storage capacity for a subsequent event, to aerate the reservoir
and subgrade for biodegradation of pollutants, and to reduce the hazard of freezing. If
a certain ponding time is required, then the required base thickness can be derived from

Total material thickness = (discharge / ponding time) / V,

where discharge is the sum of all infiltration and pipe outflow rates in inches per hour.
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AASHTO (1986, p. AA-21) suggested the following logic for determining
allowable ponding time. Set the average proportion of time the base reservoir is per-
mitted to be wet, for example 10 percent. Find the average length of time between
rainfall events, for example five days. The base may then take 10 percent of the aver-
age time between events to drain, for example

0.10 X 5 =0.5 day,
or 12 hours.

This simple procedure might overly restrict allowable ponding time because it
assumes that all rainfall events are large enough to fill the reservoir and take the entire
12 hours to drain. In fact most rainfall events are small, as will be discussed later in
this chapter. An average rainfall event would only partly fill a reservoir designed to
hold a large design storm and would take only a fraction of the designated ponding
time to drain; storms large enough to fill the reservoir for the designated ponding time
would be comparatively rare.

The designation of an allowable ponding time could take into account the pattern
of rainfall frequencies where a pavement is located. Where rain can be frequent year-
round, as in much of eastern U.S., a short ponding time of one to three days after fill-
ing of the reservoir may be appropriate to restore and aerate the reservoir and
subgrade before the next rain occurs. Where rain is low and infrequent year-round, as
in the arid southwestern states, ponding time might be extended, perhaps up to seven
days, because after an average rain event there is plenty of time for the pavement to
drain and aerate before another significant rain comes. Where rainfall is seasonal and
moderate in total, as in parts of the Pacific states, intermediate ponding times might
be used, because thorough aeration and biodegradation during the dry season may
make up for prolonged saturation during the wet season. Further research and expe-
rience are necessary to refine ponding-time limits in specific locales.

RESERVOIR DISCHARGE THROUGH PERFORATED PIPE

Reservoir outflow through a perforated pipe contributes (with soil infiltration) to
reservoir drainage and downstream flow rates. Pipe discharge is zero (reservoir out-
flow is only by soil infiltration) when the water level is at or below the pipe’s eleva-
tion. When the water rises above the pipe’s elevation, soil infiltration continues while
additional discharge is through the pipe. The discharge rate reflects both the drainage
of water from the surface into the reservoir, and detention in the reservoir while dis-
charging.

Figure 4.9 shows a reservoir where water is ponded above a pipe while dis-
charging. The pipe’s capacity is small enough to limit the reservoir’s discharge rate.
Flow is determined by the head of water above the pipe and the sizes of the pipe and
its perforations. In this condition the discharge rate can be manipulated by applying
well-known principles of orifice and pipe hydraulics to the discharge pipe (Ferguson,
1998, pp. 127-133).

Figure 4.10 shows an alternative condition in which water is not ponded over the
pipe because the pipe’s capacity is large enough not to limit discharge out of the
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FIGURE 4.10 Water ponded in a reservoir with reservoir-limited discharge (adapted from
Jackson and Ragan, 1974).

reservoir. Instead discharge is limited by the lateral flow rate through the reservoir
aggregate; the pipe and its perforations carry water away as fast as the reservoir
delivers it. In this condition the discharge rate is determined by the reservoir’s pond-
ing depth, porosity, and hydraulic conductivity. It can be manipulated by controlling
the number of pipes and the reservoir’s hydraulics, as described below.

If it is uncertain which condition will exist in a proposed reservoir, one should
calculate the outflow both ways, and use the most limiting result. Some pavements
may have the pipe-limited condition during large storms, and the reservoir-limited
condition during small storms.

RESERVOIR-LIMITED DISCHARGE

Jackson and Ragan (1974) modeled reservoir discharge where water is not ponded
over the pipe, and discharge is limited by the reservoir’s hydraulics. In their models
they assumed that all rainwater drained from a pavement’s surface into the reservoir
without delay. All reservoir discharge was through the pipe; there was no subgrade
infiltration. The reservoir’s floor was level, and ponding depth was measured from
the floor elevation; the drainage pipe was in effect in a trench below the floor.
Table 4.9 lists further assumptions in their model.
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TABLE 4.9

Assumptions in Jackson and Ragan’s (1974) Hydrologic Model

Factor Assumption
Base reservoir material Aggregate with 13 percent porosity and 100 in/hr hydraulic conductivity,

to 40 percent porosity and 20,000 in/hr hydraulic conductivity

Drainage pipe spacing 60 ft to 360 ft
Storm type 160 minute rainfall with peak rate in the middle of the event
Precipitation amount 2.74 inches total with 8.3 in/hr peak intensity, to 3.86 inches total with

10.3 in/hr peak intensity (in Washington DC these storms have 5- to
25-year recurrence intervals)
Subgrade Impervious; no infiltration

The researchers found that the ponded water surface was essentially flat every-
where in the reservoir except in the immediate vicinity of a pipe. The following
equation described the maximum depth during a storm (Jackson and Ragan, 1974,
equation 9):

H=(P/n)exp[—0.459 + 0.217 In(n’s2/4k) — 0.020(In( n?s/4 k))?],

where:
H = ponding depth in inches,
P = total precipitation during 160-minute storm (inches),
n = porosity of base reservoir (cubic foot per cubic foot),
k = base reservoir hydraulic conductivity (inches per minute),
s = pipe spacing in feet.

Figure 4.11 shows the maximum ponding depths at five pipe spacings in aggre-
gate with 35 percent porosity. The ponding depth is seen to be only a few inches in
most of the chart. For example, in a 3-inch rain, in a pavement with 90-foot pipe
spacing, the water would rise 6.8 inches. To hold this amount of water the reservoir
aggregate should be at least of equal thickness.

The following equation predicted peak pipe discharge rate (Jackson and Ragan,
1974, equation 8):

g, = (2 Pln) exp[—11.199 +1 0.499In(k)],

where g, = peak pipe discharge (cfs per foot of perforated pipe).

Figure 4.12 shows the peak discharge at three reservoir hydraulic conductivities.
The chart shows that the discharge rates are generally low, in accord with the shal-
low ponding depths. For example, the peak outflow from a typical parking lot
drained by pipes 65 feet long would be only about 0.3 cfs from each pipe during a
substantial storm. Each pipe’s peak discharge does not change significantly with
varying pipe-to-pipe spacings; instead, different spacings are taken up by different
ponding depths as shown in the previous figure.

The researchers assumed that all precipitation immediately entered the base
reservoir. However, later researchers observed that the precipitation of rainwater is
slightly delayed and reduced while draining down through pavement material, as
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FIGURE 4.11 Maximum ponding depth in a base reservoir at different spacings of dis-
charge pipe (data derived from Jackson and Ragan,1974, equation 9, for base-reservoir poros-
ity of 35 percent and permeability of 5000 inch/hour).
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FIGURE 4.12 Peak discharge from a reservoir drainage pipe, at different reservoir aggre-
gate hydraulic conductivities (data derived from Jackson and Ragan, 1974, equation 8, for
base-reservoir porosity of 35 percent).

described earlier in this chapter. Consequently, Jackson and Ragan’s equations may
reflect to a slight degree an unrealistically rapid rise of water in the base, and a cor-
respondingly rapid discharge. This could perhaps be corrected by substituting into
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their equations in place of precipitation P, the somewhat smaller amount of rainwa-
ter expected to reach the reservoir.

To use Jackson and Ragan’s approach to discharge water at a predetermined
rate, the number of pipes that will discharge at the total desired rate must be deter-
mined, and a reservoir thickness to hold the associated ponding depth must be
established. It is then necessary to specify a pipe that can convey the given dis-
charge without ponding (the head at the reservoir floor is zero). Conventional ori-
fice and culvert calculations can be used to configure the pipe and its perforations
to carry that discharge.

OBSERVATIONS IN NOTTINGHAM AND WHEATLEY, ENGLAND

Many aspects of reservoir discharge were directly observed in two parking lots in
England.

In Nottingham, Pratt et al. (1989, 1995) monitored discharge from a parking lot
surfaced with concrete open-jointed blocks (the Aquaflow block from the British
company Formpave, www.formpave.co.uk). The specially constructed parking lot
was located on the Clifton Campus of Nottingham Trent University (formerly called
Trent Polytechnic); it held 16 cars. Figure 4.13 shows the construction. Impervious
partitions separated the base reservoir into four cells, each of which was filled with
a different type of open-graded aggregate material: gravel, slag, crushed granite, and
crushed limestone. An impermeable liner directed each cell’s drainage to a perfo-
rated pipe for monitoring.

W Geotextile ‘\_\1%
Aggregate base reservoir 6"to 12"
Perforated pipe
0,
$ Geomembrane a
V2
Subgrade

FIGURE 4.13 Parking lot construction at Nottingham Trent University in England (after
Pratt et al., 1989).
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FIGURE 4.14 Base-reservoir discharge from the Nottingham Trent University parking lot
during a day in September, 1987 with natural rainfall of 0.87 inch (after Pratt et al., 1989,
Figure 9).

Figure 4.14 shows discharge from the slag reservoir during a day with natural
rainfall of 0.87 inch. The first rainfall produced no discharge; it was entirely
absorbed by the pavement materials. After discharge began, its peak rate was much
lower and later than the peak rainfall. The discharge continued after the rain had
stopped as the reservoir slowly drained out. Only 37 percent of the rainwater dis-
charged from the pavement during the storm; only 51 percent discharged within one
hour after the storm ended, and only 66 percent ever discharged. (Discharge was
defined as flow of 0.01 inch per hour or greater in the discharge pipe. Outflow at less
than 0.01 inch per hour continued for hours.)

For all four reservoir materials, peak discharge was typically 30 percent that of
rainfall, whereas an impervious pavement would produce surface runoff at closer to
90 percent. The peak discharge was typically five to ten minutes later than the peak
rainfall, whereas an impervious pavement on the same site would have a time of
concentration of only two to three minutes.

Table 4.10 lists relationships of discharge volume to precipitation in two ways.
The ratios describe annual total reservoir discharge; they range from 0.34 to 0.47.
The equations describe discharge during individual rainfall events. They indicate
that the pavement materials absorbed and evaporated the first 0.07 to 0.09 inch of
rainfall; above that amount discharge increased at the rate of 0.68 to 0.81 inch of dis-
charge for every additional inch of rain. Among individual storms, discharge could
vary widely with antecedent conditions and rainfall intensity; nevertheless, the equa-
tions’ R 2 values of 0.80 to 0.86 indicate favorable overall fit to the observed data.

Table 4.11 lists characteristics of the Nottingham base materials that explain
their different discharges. Slag produced the lowest discharge because its honey-
comb particles offered abundant storage for rainwater. Granite had a high discharge
because of the low surface area of its particles and limited capacity for absorption.
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TABLE 4.10
Relationships between Base-reservoir Discharge and Rainfall at the
Nottingham Trent University Parking Lot

Base Reservoir Material ~ Annual Total Discharge Event Precipitation (P)
+ Annual Total Rainfall, inch/inch  and Discharge, both in inches

Gravel 0.37 Base discharge = 0.69 P — 0.08
Blast furnace slag 0.34 Base discharge = 0.68 P — 0.09
Crushed granite 0.47 Base discharge = 0.76 P — 0.07
Crushed limestone 0.47 Base discharge = 0.81 P — 0.09

Pratt et al. (1995).

TABLE 4.11
Characteristics of Base Materials at the Nottingham Trent Parking Lot
Base Aggregate Material Particle size Void Space Water Retention
(inches) (percent) in Material (inch/inch)
Gravel 0.4 31 0.04
Blast furnace slag 1.5 48 0.06
Crushed granite 0.1to 1.5 42 0.04
Crushed limestone 02to 1.5 43 0.03

Pratt et al. (1989).

Gravel and limestone had intermediate discharge volumes, with gravel having a
moderate surface area for wetting and limestone a moderate capacity for absorption.

The Nottingham observations were confirmed and supplemented in Wheatley,
England, where Abbott and Comino-Mateos (2003) monitored reservoir discharge
from a porous parking lot at a highway service station. The pavement structure was
analogous to that at Nottingham, with Formpave open-jointed block. A geomem-
brane confined reservoir outflow to perforated drainage pipes, where discharge was
monitored. The reservoir aggregate contained substantial fines, where abundant
small pores were capable of retaining significant amounts of water.

Table 4.12 summarizes the observed discharge. Like the Nottingham discharge, it
lagged behind rainfall and continued at low rates after rainfall stopped. The delay was
more pronounced than at Nottingham due to the slow movement of water through the
reservoir’s small pores. The discharge rate was smaller than the rainfall; for a rainfall
intensity of 0.5 inches per hour the peak discharge was only 0.01 inches per hour.
During some events, however, the total volume of drainage water was greater than
that of the rainfall due to antecedent moisture retained in the reservoir’s small voids;
in effect, the slow drainage from previous storms overlapped into later storm events.

INFILTRATION INTO SUBGRADE

In some porous pavements, infiltration into the subgrade is the reservoir’s only dis-
charge route. In other pavements, infiltration combines with lateral pipe discharge or
surface overflow to contribute to total discharge. The subgrade’s infiltration rate
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TABLE 4.12
Discharge from the Bottom of an Open-jointed Block Parking Lot in Wheatley,
England

Range Average

Time from start of rainfall < 5 minutes to > 2 hours

to start of pipe drainage
Time from peak rainfall 5 minutes to > 9 hours

to peak outflow
Duration of outflow 5 to 31 times duration of rainfall 14 times duration of rainfall
Total water draining from 30 to 120 percent of rainfall 67 percent of rainfall

each event
Peak rainfall intensity 0.19 inch/h to 1.32 inch/h
Peak outflow rate 0.01 inch/h to 0.15 inch/h

Data from Abbott and Comino-Mateos (2003).

TABLE 4.13
Terms with Particular Application to Subgrade Infiltration.
Term Definition
Aquifer Porous earth material that contains and transmits water
Base flow Low flow of a stream during dry weather
Exfiltration Discharge of water from a storage reservoir by infiltration into a soil surface
Ground water Water in the earth filling the pores to saturation
Horizon Distinctive layer in a soil profile
Recharge Entry of water to an aquifer
Soil moisture Water in the earth above the water table, filling the pores to less than saturation
Water table Top of the saturated zone in a porous material

influences the reservoir’s ponding time and depth, and with them the remaining stor-
age capacity when the next storm occurs, the restoration of aerobic conditions for
biodegradation of pollutants, the pavement’s susceptibility to frost damage, and
whether downstream conveyances will be required to carry frequent overflows.
Table 4.13 lists some terms with particular application to subgrade infiltration.

SoIL INFILTRATION RATE

A subgrade soil’s infiltration rate is a function of the soil’s texture (combination of par-
ticle sizes), structure (aggregation), and compaction. It can be measured in infiltration
tests, estimated from soil characteristics reported in surveys, or observed in borings.
Multiple phases of soil identification and infiltration testing may be justified as a proj-
ect progresses from general site layout to detailed hydrologic modeling and design.
Each naturally occurring soil has a series of horizons which may have different
infiltration rates. In designating soil infiltration rates for porous pavement design, it
is prudent to use the value for the least permeable layer within a few feet below a
proposed pavement’s floor. Shallow bedrock or groundwater may limit infiltration



144 Porous Pavements

where it occurs within a few feet of the floor. A pavement’s excavation depth can be
planned to keep the floor well above a limiting layer or to expose deeper horizons
with higher infiltration rates. Alternatively, a distinct “drainage well” or trench can
pass water through slowly permeable layers and into more favorable layers.

Table 4.14 lists approximate infiltration rates associated with soil texture. The
listed values are based on soils that have no aggregated structure, and that have been
only lightly compacted. Thus, they may be representative of subgrade soils that have
not been significantly compacted.

Subgrade compaction during construction reduces infiltration rate. For many
pavements, structural requirements make subgrade compaction unavoidable. Pitt
and Lantrip (2000) found the average infiltration rates shown in Figure 4.15 for 150

TABLE 4.14
Approximate Infiltration Rates in Unstructured Soils
Texture Infiltration Rate (inch/hour)
Sand 8.27
Loamy sand 241
Sandy loam 1.02
Loam 0.52
Silt loam 0.27
Sandy clay loam 0.17
Clay loam 0.09
Silty clay loam 0.06
Sandy clay 0.05
Silty clay 0.04
Clay 0.02

Rawls et al. (1982), Table 2.

14

12

10

Infiltration rate, inches per hour

Sandy soils Clayey soils

FIGURE 4.15 Average infiltration rates of compacted and uncompacted soils in wet condi-
tions (data from Pitt and Lantrip, 2000).
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compacted and uncompacted soils in Alabama. The “sandy” soils were sand, loamy
sand, and sandy loam. The “clayey” soils were clay and clay loam. For sandy soils
the infiltration rate of compacted soil was 0.108 that of uncompacted soil; for clayey
soils it was 0.020.

For assigning an infiltration rate to a finished subgrade, neither on-site testing
nor indirect indicators such as soil texture provide completely consistent or reliable
results. Compaction during construction and sedimentation afterwards reduce infil-
tration rate in ultimately unpredictable ways (Rollings and Rollings, 1996,
pp- 216-217). Consequently it is prudent to assume a subgrade infiltration rate lower
than that found in preconstruction infiltration tests or inferred from soil texture, even
after taking planned compaction into account. A common practice is, after finding a
value from testing or by indication from texture, to multiply that value by a safety
factor Sf with a value between 0 and 1. A safety factor of 0.5 has been derived from
infiltration monitoring tests, and has precedents for use in practice (Bouwer, 1966;
Ferguson, 1994, p. 96; Rawls et al., 1983; Paul Thiel Associates Limited, 1980,
p- 179). With this safety factor value, the infiltration rate used in design is in effect
half the rate otherwise indicated before construction.

A more precise procedure is to measure subgrade infiltration rate directly after
compaction has been completed. In practice in Florida, subgrade infiltration rate is
measured in the field after compaction to confirm the needed thickness of the base
reservoir. Where the compacted infiltration rate turns out lower than that assumed in
design calculations, additional reservoir thickness is added to increase storage
capacity.

A soil’s preconstruction infiltration rate can be preserved during construction by
scrupulously preventing compaction. Necessary construction procedures must be
specified strictly and construction in progress must be overseen to make sure no errors
are made. Many of Cahill’s (1993, pp. 15-16) porous asphalt installations have been
completed without subgrade compaction even where the base course above it is to be
compacted. Cahill’s specifications, enforced by oversight during construction, explic-
itly require that the subgrade surface not be compacted or subjected to construction
traffic before placement of the base material. If the excavated subgrade surface is sub-
jected to rainfall before placement of the base, the resulting surface crust must be
excavated (to perhaps 1 inch deep) or the surface must be raked to break up the crust.

INFILTRATION PONDING TIME AND RESERVOIR THICKNESS

The ponding time during infiltration of the rainwater from a given storm can be esti-
mated by,

Ponding time = Water depth / (Subgrade infiltration rate X Sf)

where St is the safety factor with a value between 0 and 1.

If the ponding time found by the above equation is less than or equal to a desig-
nated maximum allowable time, then the pavement design works: the water infil-
trates into the subgrade rapidly enough. On the other hand, if ponding time is greater
than the allowable time, then the water does not infiltrate fast enough. Swales or
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pipes are necessary to convey overflow during the design storm, and, in some juris-
dictions, a downstream reservoir might be required to manage it.

Where infiltrating the entire design-storm precipitation is not possible, infiltrat-
ing some smaller amount may still have environmental advantages, as described at
the end of this chapter. The maximum depth of water that can be infiltrated within
an allowable ponding time can be found by,

Water depth = Subgrade infiltration rate XSf XPonding time.

Because water occupies only the void space in the reservoir material, the total
required reservoir thickness is given by,

Total material thickness = Water depth / V4.

Note that this simple calculation for reservoir thickness does not take into
account infiltration during the storm event, which would reduce the peak depth of
water stored during the storm. This is a prudently conservative approach to design.
As an alternative it is possible to perform a reservoir routing, relating the reservoir’s
inflow, exfiltration, and change in storage over successive time increments during a
storm event. The result may yield a thinner required reservoir.

LATERAL DISCHARGE FOLLOWING PARTIAL INFILTRATION

With or without detention in a reservoir, subgrade infiltration of at least some rain-
water reduces and delays the discharge of the remaining overflow water (Erie, 1987;
Ferguson, 1994, pp. 112-113; Ferguson, 1995a and 1995b; Ferguson, 1998, pp.
208-209; Ferguson and Deak, 1994; U.S. Soil Conservation Service 1986, p. F-1,
equation for Figure 6.1). In some cases it reduces peak discharge rate. The reduc-
tions can be substantial during small, frequent storms. If, despite these transforma-
tions, a downstream detention basin is required to make the discharge comply fully
with a local requirement, then the elimination of part of the flow volume reduces the
basin’s required size.

The quantitative effect of a proposed pavement’s infiltration on downstream flow
can be evaluated by applying a hydrologic model to the pavement or to the water-
shed of which the pavement is part. The resulting discharge would reflect both the
volume reduction of the infiltration and the detention of the remaining water in the
pavement reservoir.

Cahill (1993, p. 19) calculated that, for developments in the mid-Atlantic area,
infiltrating a volume of rainwater equal to that of the two-year storm tends to reduce
peak discharge rate during the 100-year storm to its predevelopment level.

Ferguson (1995a) modeled infiltration’s downstream effects in complex water-
sheds where infiltration is practiced in the developed areas. His model routed the
combined flows from developed and undeveloped areas through the stream system
to the bottom of each watershed. Figure 4.16 shows the resulting peak flow rate. The
horizontal axis is the amount of infiltration in the developed areas as a proportion of
the runoff that would otherwise exist. The vertical axis is the peak flow at the bot-
tom of a watershed as a proportion of peak flow before any development; at 1.0 a
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FIGURE 4.16 Peak storm flow in 30 artificial “watersheds,” where developed areas infil-
trate varying proportions of their runoff (data from Ferguson 1995a).
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FIGURE 4.17 Storm flow duration in 30 artificial “watersheds,” where developed areas
infiltrate varying proportions of their runoff (data from Ferguson 1995a; m?/s is cubic meters
per second).

horizontal line indicates the predevelopment peak flow. The sloping curve indicates
that increasing infiltration progressively reduced the downstream peak rate. It
reduced peak rate below the predevelopment rate where infiltration equaled at least
75 percent of the developed areas’ runoff.

Figure 4.17 shows the results for downstream flow duration. Long duration at
moderate to high rates would increase stream erosion. Predevelopment duration is
marked with a horizontal line. The chart’s two curves reflect the results at two sample
flow rates. The curves’ downward slopes indicate that increasing infiltration volume
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progressively reduced downstream flow duration. At both rates the duration reached
predevelopment levels with infiltration of only one third of the developed areas’ runoff.

SUBSURFACE DISPOSITION OF INFILTRATED WATER

Researchers in Pennsylvania (Urban and Gburek, 1980; Gburek and Urban, 1980)
observed directly how water, after infiltrating into a pavement subgrade, becomes
part of subsurface soil moisture and groundwater.

For their observations they constructed a panel of porous asphalt at the Willow
Grove Naval Air Station near Philadelphia. The panel was 150 feet X 150 feet in area
and surrounded by grass. For comparison they set aside similar panels of grass and
dense asphalt. Figure 4.18 shows the porous asphalt’s setting and construction.
Construction excavation slowly removed permeable clay subsoil and left only per-
meable broken stone between the pavement and the sandstone aquifer. Subsurface
monitoring wells were arrayed in and around the experimental panels.

Site before construction

24"
average

Permeable sandstone

()

Constructed pavement
"Porous asphalt ' ' 5
LT | ,

% Crushed stone base <SS g"

Permeable sandstone

FIGURE 4.18 Setting and construction of porous asphalt panel in Willow Grove,
Pennsylvania (after Urban and Gburek, 1980).
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Figure 4.19 illustrates the porous pavement’s contribution to groundwater
recharge. It shows how the water table under the porous asphalt responded to an
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FIGURE 4.19 Water table elevations in response to the storm of August 28, 1978, under a
150 feet 3150 feet panel of porous asphalt; the panel’s surface elevation is 326 (1 feet con-
tours of water table elevation after Gburek and Urban, 1980).
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intense 2-inch storm on August 28, 1978. Before the storm, the water table in the area
was approximately level, from 17 to 20 feet below the pavement surface. On the day
of the storm, as water infiltrated through the pavement into the subgrade, the water
table under the pavement mounded up to within 10 feet of the pavement surface, with
a peak in the center of the pavement 6 to 10 feet higher than the water table under the
surrounding lawn. Although water infiltrated into the lawn, the water table there did
not respond as quickly because the lawn retained the native soil’s water retention
capacity and slow permeability. Two days after the storm, the porous pavement’s
groundwater mound had dissipated. The general water table was now about 1 foot
higher that it had been before the storm, reflecting both the pavement’s rapid
recharge and the lawn’s more gradual recharge.

Figure 4.20 compares the disposition of water in all three experimental panels
during a less intense storm the following summer (Gburek and Urban, 1980). Of the
water falling on the porous asphalt, 70 percent recharged the groundwater; the other
30 percent remained in the unsaturated zone above the water table. The water table
under the porous asphalt rose 2 to 5 inches for each inch of rainfall, then subsided
after the storm. Under the grass panel, the fine-textured soil held essentially all water
in soil moisture, where it was available for either evapotranspiration or gradual
drainage to groundwater (perhaps porous pavement construction that left the fine-
textured soil intact would have had a similar effect). The dense asphalt panel
deflected almost all water into surface runoff.

WATERSHED DISCHARGE OF INFILTRATED WATER

Infiltrated water eventually discharges from a watershed by some combination of evap-
otranspiration (as plant roots withdraw soil moisture) and stream base flow (as ground-
water drains out to low-lying stream channels). To illustrate this, Figure 4.21 shows the
total annual discharge from a 67-acre school site in Georgia (Ferguson et al., 1991).
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FIGURE 4.20 Disposition of rainwater through contrasting land covers during a one-inch
summer storm in Willow Grove, Pennsylvania (data from Gburek and Urban, 1980).
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FIGURE 4.21 Annual discharge from a school site in Georgia under alternative develop-
ment and stormwater management conditions (data from Ferguson et al., 1991).

Fortuitously, almost the entire site drained to a single watershed discharge point.
Water-balance modeling compared the site’s predevelopment hydrology with two
prospective ways of managing stormwater on the developed site: one with surface
drainage including impervious pavements and runoff detention basins, and the other
with infiltration through porous pavements and infiltration basins. The average annual
precipitation on this site amounted to 273 acre-feet in water. Each column in the fig-
ure shows one condition of development and stormwater management.

To the left is discharge before development. Before development the site was
entirely vegetated and porous, so almost all rainwater infiltrated the surface and
became soil moisture. Consequently evapotranspiration was large. Soil moisture that
did not evapotranspire recharged the groundwater, whence it drained out in steady,
continuous stream base flow. Surface runoff occurred only during large storms, and
even then only in moderation.

In the middle of the figure is discharge from the developed site using surface
stormwater management. The development’s buildings and pavements reduced
evapotranspiration and stream base flow by sealing over part of the once-vegetated
surface. The same impervious roofs and pavements made annual surface runoff six
times greater than it was before development. Although total annual stream flow was
greater than that before development, only half of it was in steady base flow; the
other half was in frequent flash storm flows.

To the right of the figure is discharge from the developed site using the same
layout of buildings and pavements, but adding stormwater infiltration. Sufficient
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infiltration was provided to reduce peak flow in the 25-year storm to the same level
achieved by the detention basins in the surface-discharge plan. The figure shows that
stormwater infiltration greatly reduced surface runoff compared with the surface-dis-
charge plan, although some residual runoff came from peripheral portions of the site
that could not direct their runoff into infiltration basins. The infiltrated water
recharged groundwater, after which it reappeared again as stream base flow. Base
flow was even greater than it was before development, because the infiltration basins
recharged groundwater without significant evapotranspirative losses.

WHERE NOT TO INFILTRATE STORMWATER

Despite the environmental advantages of stormwater infiltration, water should not be
infiltrated into the subgrade indiscriminately. In some places infiltration could pol-
lute groundwater, endanger structural stability, or sacrifice an opportunity to harvest
and use the water on-site. Table 4.15 lists some types of settings where stormwater
infiltration should ordinarily be avoided.

WATER-QUALITY TREATMENT

The large area that pavements cover, and the automobiles that use them, make pave-
ments a locus of urban pollutant generation. Eliminating pavement stormwater

TABLE 4.15
Types of Places Where Infiltration Into Pavement Subgrade Could Pollute
Ground Water, Endanger Structural Stability, or Forfeit a Resource

Place or Condition Hazard
Steep subgrade slope (for example Water moving in the pavement base could erode
greater than 5%) the subgrade
Over a septic tank leaching field Excess soil moisture could compromise the soil’s

treatment capacity
Swelling soil Soil movement during changes in moisture can crack
or displace concrete, asphalt and paving blocks
(pavement surfaces of grass and aggregate can
tolerate this movement)
Grossly permeable soil which would act as a Groundwater contamination from pavement pollutants
conduit for untreated water into groundwater

Steep unstable hillside Excess moisture could further destabilize the slope
Over a toxic soil deposit in an old Excess water could leach contaminants out of the soil
“brownfield” industrial area and into the environment
Adjacent to a building with a basement Infiltrating water could flood the basement
(within about 20 feet)
Where water is harvested for direct use Release of water to the environment would sacrifice an

on-site resource
Fill soil that supports a heavily traveled Excess moisture could weaken the supporting fill
road or other sensitive structure
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TABLE 4.16
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Terms with Particular Application to Porous Pavements’ Treatment of

Water Quality

Term Definition

Adsorption Adherence of chemical ions to the surfaces of solid particles

Biodegradation Decomposition by biochemical activity into simpler chemical
components

BOD Biological oxygen demand

CEC Cation exchange capacity

COD Chemical oxygen demand

First flush The first runoff from an impervious surface during a storm event,
carrying constituents that had accumulated on the surface during
preceding dry weather

Load Total amount of a constituent discharged over time

mg/l Milligrams of constituent per liter of water

Nonpoint pollution
(nonpoint source pollution)
NPDES

NPS

Organic compound
Particulates

pH

SS

TSS

VSS

Any pollution, such as urban stormwater and its constituents, that
originates over large, dispersed areas

National Pollutant Discharge Elimination System, the U.S. federal
regulation system that requires control of nonpoint pollution
including urban stormwater

Nonpoint source

Chemical compound containing carbon

Solid particles borne in water, as distinct from dissolved constituents

A measure of hydrogen ion activity (the acidity or alkalinity of water)

Suspended solids

Total suspended solids

Volatile suspended solids

contamination could reduce total urban contaminant loads by 75 percent
(Bannerman et al., 1993). Table 4.16 lists terms with particular application to porous
pavements’ treatment of water quality.

The concentration of a water-quality constituent is the amount of constituent per
amount of water, such as mg/l. In contrast a constituent’s total load is the total
amount discharged over time; it is equal to the concentration times the amount of
water. A high concentration may be counterbalanced by low discharge of water,
yielding a small total load. Where both concentration and water discharge are low,
the total constituent load is small indeed.

On impervious pavements, surface runoff carries untreated constituents into the
environment. When a pavement has accumulated constituents during a period of dry
weather, they tend to be most concentrated in the next “first flush” of rainfall and
runoff.

In contrast, porous pavements treat water quality during water’s infiltration and
storage in the pavement structure and subgrade. In general, porous pavements are
effective at treating the particulates, oils, nutrients, and bacteria that occur in the
course of pavements’ normal use and maintenance. The treatment involves the
removal of solid particles and their attached chemical ions from water, and bringing
oil into contact with microorganisms for biochemical degradation.
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CONSTITUENTS IN PAVEMENT STORMWATER

Table 4.17 lists substances that occur typically on urban pavements and the concerns
about them when they occur in excessive amounts. They originate from everyday
pavement use and maintenance. They tend to be widely distributed on pavements
and, in most locations, low in concentration, but their concentrations can vary with
traffic intensity and other factors.

Oils occur most prominently on busy streets and the busy portions of parking
lots (Bannerman et al., 1993; Pitt, 1996, pp. 1-16; Steuer et al., 1997). In some cases
they are modified by their interaction with asphalt. Relatively small amounts occur
on quiet residential streets and in the lightly used portions of parking lots.
Essentially no oils occur on sidewalks and bicycle paths. Excess oil blankets a water
surface, inhibiting reaeration. Its decomposition deoxygenates water from within,
weakening biotic communities in streams and lakes.

Excess nutrients come from dumpsters and trash-handling areas. A large pro-
portion is carried on the surfaces of solid particles. Nutrients cause “blooms” of
algae, which on decomposition deprive water of oxygen and reduce the diversity of
aquatic communities. A potential oxygen loss can be expressed in terms of biologi-
cal and chemical oxygen demand (BOD and COD).

Solid particles of soil and other materials are deposited from the atmosphere,
blown in from surrounding land, dropped from overhanging vegetation, scattered
from lawn maintenance and building construction, washed in by erosion, dropped
from vehicles, ground from surface paving materials, and deliberately deposited for
winter traction. All these particles are ground up and moved around by wind, rain,
traffic, snowplowing, and pavement maintenance. In suspension, excess sediment
makes water turbid, inhibiting aquatic plant growth and reducing species diversity.
Small particles’ surfaces carry a significant portion of a pavement’s chemical pollu-
tants (Tessier, 1992).

TABLE 4.17
Stormwater Constituents that Typically Occur on Pavements
Constituent Source on Pavements Effect in Excessive Amounts
Qil (organic hydrocarbon Dropping from car engines Deprive water of oxygen
compounds) by decomposition
Nutrients Organic debris; food waste Algae blooms which deprive water
of oxygen by decomposition
Particulates (solids) Automobiles; organic Turbid water; reduced plant
debris; soil; litter growth; vectors for movement
of attachedmetals
Trace metals Corrosion and wear of car Reduce organisms’ disease
components and highway resistance; reduce reproductive
signs; deicing salts capacity; alter behavior
Chloride Deicing salts Reduce water intake and biotic
growth
Bacteria Animals; dumpsters; trash Risk of disease

handling areas
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Trace metals such as lead, zinc, cadmium, and nickel come from the corrosion
and wear of vehicle parts and highway signs, and from certain deicing salts (Pitt
et al., 1996, pp. 1-16; Sansalone, 1999a). They occur mostly as ions attached to the
surfaces of small solid particles; in areas with acid rain a significant amount can be
dissolved. In excessive amounts they are poisonous to organisms. Because metals
are chemical elements they cannot be biodegraded; they can only be captured and
accumulated.

Chloride occurs where deicing salts such as sodium chloride are used in the win-
ter (Keating, 2001; Pitt et al., 1996, pp. 1-16; Wegner and Yaggi, 2001). Salt dis-
solves readily in melting snow and ice; the resulting ions are not associated with
particulates. Chloride ions inhibit plants’ water absorption and reduce root growth.
Sodium ions can injure tree roots and contaminate drinking wells. Although salt con-
stituents appear in surface runoff only in the winter, they can remain in groundwater
year-round. Chloride causes a distinctive problem for water quality; it is one of the
few common pollutants that can pass through both pavement and subgrade without
alteration. Porous pavements’ inability to remove chloride from a solution is shared
by all other passive, land- and water-based stormwater treatment approaches such as
ponds, wetlands, and vegetated filters. Short of treatment plants using artificial
chemical precipitation, the only way to reduce chloride pollution is to reduce it at the
source in the application of deicing salts. A number of deicing alternatives to sodium
chloride are available, all of which involve trade-offs of cost and effect.

In general, stormwater in residential areas tends to be relatively uncontaminated
(except, in certain areas, by deicing salt). In contrast, stormwater in certain manu-
facturing areas may contain exotic pollutants and may have to be treated before
being allowed to discharge or to infiltrate the soil (Pitt et al., 2003). In some locales
special “hot spots” add locally high concentrations or exotic constituents; possible
examples are gas stations, vehicle maintenance shops, and dumpster pads. On high-
ways that carry industrial traffic, there is a concern about spills of toxic substances
that could pollute groundwater. Where a toxic spill occurs, it is highly concentrated
and localized at that spot; its cleanup is the responsibility of those who spilled it.

CAPTURE OF SOLIDS AND ATTACHED METALS

A porous pavement traps solid particles on the pavement surface along with the metal
ions adsorbed to the particles (Balades et al., 1995; Brattebo and Booth, 2003; Hogland
et al., 1990; James and Gerrits, 2003). Capture begins with the settling of sand grains
and small gravel particles; then smaller particles lodge around the sand grains. Particle
capture is one of the processes that can reduce the surface infiltration rate.

Particles that pass through the surface pores are likely to continue to the bottom
of the pavement. They can settle on the pavement’s floor or discharge through a
drainage pipe if one is present. On the whole, solids accumulate most at the surface
of a pavement or at the bottom; the smallest accumulations tend to be in the middle.

The following observations exemplify in detail the ability of porous pavements
to filter out solids and attached metals. Sansalone (1999a and 1999b) suggested the
use of oxide-coated sand as a water-quality filter because it can simultaneously
adsorb dissolved metals out of solution, and filter out solid particles; this kind of
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material could be used as part of a porous pavement’s base course, or added in a sep-
arate drainage trench.

Observations in Rezé, France

Researchers in France observed the capture of solids and metals by monitoring a
porous asphalt street in Rezé (Colandini et al., 1995; Legret et al., 1996; Legret
et al., 1999). The street carried 2000 vehicles per day. The pavement’s aggregate
base reservoir was separated from the subgrade by a geotextile and was drained at
the bottom by a perforated pipe.

Figure 4.22 compares the reservoir’s discharge with surface runoff from a nearby
impervious street. The porous pavement discharged suspended solids at only 36 per-
cent of their concentration in runoff; the particles discharging from the porous base
were on average finer than those in the surface runoff. The adsorbed metals cadmium,
zinc, and lead had concentrations only 21 to 31 percent of those in surface runoff.

The reductions in total loads were even greater, if it is assumed that the porous
pavement discharged less water than the dense pavement. The Rezé researchers did
not report discharge volume, but if the total discharge was half of that from the dense
surface, then the total constituent loads (concentration X water volume) were only
11 to 16 percent of those from the dense pavement.

To find out where the pollutants had gone after four years of monitoring, the
researchers gathered samples of particulate material from the pavement’s surface
pores with a road suction sweeper, and from the base pores and subgrade by digging
a trench through the pavement. They analyzed the metal content in all particles
smaller than 2 millimeters. Figure 4.23 shows the results for lead, which were rep-
resentative of those for all the metals studied. Lead had primarily accumulated with
the solid particles, particularly the smallest particles, to which it was attached at the
pavement surface and secondarily at the bottom of the base reservoir. It did not
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FIGURE 4.23 Lead concentrations in small particles accumulated in the Rezé, France
porous asphalt street (data from Legret et al., 1996).

migrate below the structure into the soil; the subgrade’s lead levels were similar to
those in a nearby agricultural soil.

Observations in Nottingham, England

The Nottingham researchers (Pratt et al., 1995) observed a similar capture of solids
and metals in the Nottingham Trent University parking lot that was described earlier
in this chapter. The pavement’s surface was made of open-celled concrete grids with



158 Porous Pavements

aggregate fill. Partitioned portions of the base were made of four different types of
aggregate. Water quality was monitored at pipes discharging from the bottom of the
IeServoir.

The concentration of suspended solids discharging from all four reservoir types
was usually about 20 mg/l and always less than 50 mg/l, whereas that in surface
runoff from nearby dense pavements was typically from 50 to 300 mg/1. The remain-
ing solids and their attached metals were trapped mostly in the pavement’s bedding
aggregate. The pavement’s combination of reduced discharge volume (described ear-
lier in this chapter) and reduced concentration meant that the porous pavement’s
total particulate load was very low compared with that from dense pavements.

The various base materials discharged different amounts of metals because the
materials’ different levels of pH, hardness, and alkalinity mobilized metals into solu-
tion to different degrees. Slag discharged higher lead concentrations than the other
base materials, but even those levels were only one tenth of those in the surface
runoff from nearby dense pavements.

Concentrations of solids and metals were highest during the pavement’s first six
months while small particles and ions were washed out of the newly installed struc-
ture. Their concentrations declined as the source in the construction material was
exhausted; after six months they stabilized at low levels. Only slag remained a
notable source of lead and total dissolved constituents after six months.

Observation in Weinsberg, Germany

Stotz and Krauth (1994) observed the quality of water discharging from a porous
asphalt overlay on a highway in Germany. The highway was located in Weinsberg in
the province of Baden-Wiirttemberg; its daily traffic was 35,000 vehicles, of which
25 percent were trucks. The overlay was 1.6 inches. thick. The investigation began
after the overlay had been in service for two-and-a-half years, and continued for 12
months. The overlay’s discharge was monitored at a gutter in the highway shoulder,
sealed to collect discharge only from the overlay.

The total load of suspended solids from the overlay was approximately half of
that in the runoff from a dense asphalt pavement in a nearby town on a per-acre basis.
This indicates that even a thin porous pavement surface layer acts as a filter.

Concentrations of discharging solids were slightly higher in the winter than in
the summer because higher winter rainfall and greater overlay permeability reduced
the overlay’s filtering efficiency. Concentrations of metals were higher in the winter
due primarily to the seasonal application of deicing salt; analysis of the salt found
that it was a source of metals such as zinc, lead, copper, chromium, and cadmium.

Observations in the Netherlands

Berbee et al. (1999) collected drainage from a porous asphalt highway overlay near
Amsterdam similar to the one observed in Germany. The overlay carried 83,000
vehicles per day; it was three years old and was 2 inches thick. For comparison, the
researchers collected runoff from another highway with an impervious asphalt sur-
face, carrying 53,000 vehicles per day.
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The researchers found that discharge from the overlay contained lower concen-
trations of metals, oils, and suspended solids than did runoff from the impervious
asphalt, confirming the observations made in Germany.

They then experimented with treatment of the discharge water through methods
such as settlement and sand filtration that could be used to further improve down-
stream water quality. The treatment removed the remaining metals from the over-
lay’s discharge water less efficiently than from the dense pavement’s runoff because
the overlay’s discharge had lower concentrations of solids and greater proportions of
metals in solution rather than attached to particles. This suggests that not only is the
treatment of porous pavement discharge less necessary than that of dense pavement
runoff, but it may also be less feasible.

BIODEGRADATION OF OIL

A porous pavement destroys oil pollutants through the biochemical activity of
microbiota which use the pavement as a substrate. Many naturally occurring types
of bacteria and fungi utilize hydrocarbons as food. By consuming hydrocarbons they
biodegrade them, which means that they break complex substances down into sim-
pler chemical components. The components then disperse safely into the atmosphere
as carbon dioxide and water, and cease to exist as pollutants (Atlas, 1981).

The combination of air, water, and food on a porous pavement’s abundant inter-
nal surfaces supports the microbiotic community. The community’s biotic composi-
tion shifts with the seasons. Biodegradation is faster at summer temperatures than at
freezing or near-freezing temperatures. When the quantity of petroleum hydrocar-
bons increases, the biotic population expands to utilize them.

Biodegradation was observed, at least indirectly, in one of the first porous pave-
ments. At an experimental 1975 porous asphalt parking lot at The Woodlands, Texas,
percolating water was found to experience transformations of nitrogen and reductions
of organic carbon and chemical oxygen demand. Researchers could attribute these
improvements only to microbial activity within the pavement (Thelen and Howe,
1978, p. 12).

More recently and directly, the Nottingham Trent University researchers
observed petroleum-product biodegradation in their open-celled grid pavement
(Newman et al., 2001; Pratt et al., 1999). The microbial population was visible
under an electron microscope as a highly diverse microbial “biofilm”. In various
studies, from 97.6 to over 99 percent of the applied motor oil was trapped in the
pavement structure and biodegraded. A geotextile separating the grids’ setting bed
from the aggregate base course was a major site of oil retention, biofilm develop-
ment, and gradual release of oil to further microbial populations deeper in the struc-
ture. The researchers witnessed microbial biodegradation in process through the
production of microbial enzymes and respiratory carbon dioxide, the consumption
of oxygen, the elevation of temperature, and the visible growth of bacterial popula-
tions. The microbial community responded quickly to additions of fresh oil. Under
intense oil applications, indigenous microbial populations, when fertilized, were
as efficient at biodegradation as commercially obtained oil-degrading microbial
mixtures.



160 Porous Pavements

The Nottingham researchers speculate that adding organic material such as peat
or carbon granules in the voids of base aggregate would increase the removal of
organic pollutants (Pratt et al., 1989). This is an argument in favor of making a base
course into a “structural-soil” rooting medium like those that will be described in
Chapter 5. In the soil portions of such mixtures, clay, organic matter, and living
organisms support the kind of biochemistry that protects water quality.

To stimulate and augment degrading microbes, nutrient and microbial supple-
ments such as those listed in Table 4.18 are available. They come in powder and lig-
uid forms. Some products add nitrogen and phosphorus nutrients that stimulate
microbial activity by rounding out the nutrient supply. Others add large numbers of
oil-degrading microorganisms. Products like these could be applied to entire pave-
ments at regular intervals as preventive maintenance, or selectively to spots where
oil has visibly accumulated.

SUPPLEMENTAL TREATMENT BY SUBGRADE INFILTRATION

Beneath a porous pavement, almost any subgrade soil can further protect the quality
of water before it percolates to groundwater (Pitt et al., 1996, pp. 1-16). Natural par-
ticles of clay and organic matter have electrochemically active surfaces that interact
with the dissolved chemicals in percolating water. Naturally occurring soil micro-
biota degrade complex chemicals into simpler constituents. Like pavement struc-
tures, soils can treat infiltrating stormwater that contains the common constituents
associated with ordinary pavement use and maintenance, but not exotic chemicals
discharged from industry.

In the Central Valley of California, Nightingale (1987) found groundwater qual-
ity beneath stormwater infiltration basins indistinguishable from that elsewhere in
the regional aquifer. Stormwater contaminants were still being trapped in the upper-
most few inches of soil even where stormwater had been infiltrating for 20 years.

On Long Island, New York, Ku and Simmons (1986) found that the underlying
aquifer was not measurably polluted by stormwater infiltration, either chemically or
microbiologically. Where the aquifer had previously been polluted from non-
stormwater sources such as septic tanks, recharging stormwater improved the
groundwater by diluting excess nitrogen with freshwater.

In Denmark, pollutant concentrations reached natural background levels less
than 5 feet from the surface even in soils that had been infiltrating urban stormwater
for 45 years (Mikkelsen et al., 1996; Mikkelsen et al., 1997).

TABLE 4.18
Examples of Suppliers of Products Intended to Augment or Stimulate
Microbial Activity

Company Product Contact Information
Bioremediate Petro-Clear www.bioremediate.com
Bioscience Environmental Products Microcat www.bioscienceinc.com
Kusuri Bacta Pur www.kusuri.co.uk/bactapur.htm

Stoney Creek Materials Remediation material www.stoneycreekmaterials.com
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A soil’s cation exchange capacity (CEC) indicates its ability to remove many
kinds of pollutants from water. Natural mineral soils’ CEC can range from 2.0 meq
(milli-equivalents per 100 grams of soil) for sands to over 20 meq for some clays
(Brady, 1974, p. 102).

A soil’s CEC, multiplied by the thickness of the soil mantle, indicates the total
renovation capability of a soil profile. It takes only a few inches of most kinds of soil
to trap and transform oils, metals and nutrients. Great soil thickness can compensate
for low CEC. Some agencies recommend that aerated soil be 4 feet thick over lime-
stone aquifers where rapidly permeable solution channels and sinkholes would
threaten the effective thickness of the soil mantle (Cahill, 1993, p. 26).

Where a natural subgrade’s CEC is too low to assure treatment, a “treatment
liner” of soil with higher CEC can be installed. In Washington State such a liner is
to have CEC of at least 5 meq and to be at least 2 feet thick (Washington State
Department of Ecology, 2001, pp. 48, 121, 128, 160). After it is decided that a liner
of this type will be required, hydrologic modeling must be redone taking into
account the new artificial layer’s infiltration rate.

THE IMPORTANCE OF SMALL STORMS

A porous pavement that can store or control only a small amount of water can nev-
ertheless have an important long-term hydrologic role. Pavements that control small
amounts of water tend to be small in stature and therefore economically viable, so it
is important to understand their potential effects.

FREQUENCY OF SMALL STORMS

Figure 4.24 shows the frequency of rainfall events of different sizes in four U.S.
cities. All four curves show that by far the most common rainfall events are the
smallest. Small events replenish soil moisture and groundwater many times per year,
sustaining local ecosystems and stream base flow during the year. They control long-
term water quality, because every time more than a minimal amount of rain falls on
a pavement surface it potentially picks up pollutants and moves them through the
environment.

Figure 4.25 shows that the rainfall in small events accumulates into large
amounts of water over the course of an average year. The curves’ steep rise on the
left side of the graph indicates that small storms contribute greatly to total annual
rainfall despite their small size, because they are so numerous. Storms smaller than
1 inch per day yield more than half of all the rain that falls in an average year. Storms
larger than about 1.5 inches per day contribute relatively little to the annual total
despite their size, because they occur so seldom. Most of the water that is annually
available for maintenance of groundwater, stream base flow, and rooting-zone soil
moisture comes from small, frequent storms.

CUMULATIVE RAINWATER INFILTRATION

A porous pavement’s capacity to infiltrate water operates during every storm, large
and small alike. Over time, only a pavement of small capacity can infiltrate a sub-
stantial amount of rainwater.
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FIGURE 4.24 Average frequency of rainfall events ranked by size (calculated from daily
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FIGURE 4.25 Cumulative amount of precipitation from events ranked by size (calculated
from data in Figure 4.24).

Figure 4.26 illustrates how a porous pavement with a given infiltration capacity
absorbs water from a sequence of storm events of diverse sizes. The columns show
daily rainfall amounts during a three-month period in Atlanta. A horizontal line shows
a hypothetical infiltration capacity at the low arbitrary level of 0.25 inch per day. The
dark parts of the columns show the water that would infiltrate through a pavement with
that capacity. They show that infiltration would include all the water from events
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FIGURE 4.27 Portion of annual rainfall infiltrated as a function of pavement infiltration
capacity (calculated from data in Figure 4.24).

smaller than 0.25 inch, and the first 0.25 inch of water from larger events. Every first
flush is absorbed, and a substantial total amount of water is infiltrated over time. The
light parts of the columns show the amount of water that would overflow and continue
downstream. At the moderate infiltration capacity of 1.0 inch per day, indicated by
another horizontal line, a pavement could absorb almost all water; little would overflow.
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Figure 4.27 shows how much of the total annual rainfall porous pavements of
different capacities can infiltrate. The horizontal scale is the amount of rainfall that
a pavement can infiltrate within 24 hours. The vertical scale is the proportion of
average annual rainfall that the pavement infiltrates. The curves for four cities were
determined by analyzing rainfall data in the manner conceptualized in the previous
figure. Rain amounts smaller than or equal to a pavement’s capacity are infiltrated;
the remainder overflows. The chart shows that even in the rainy city of Atlanta, half
the rain that falls in an average year could be infiltrated by a pavement with the
capacity to infiltrate only 0.37 inch of water per day.

TRADEMARKS

Table 4.19 lists the holders of registered trademarks mentioned in this chapter.

TABLE 4.19

Holders of Registered Trademarks Mentioned in This Chapter

Registered Trademark

Holder

Headquarters Location

Advanced Drainage Systems

Advanced Drainage Systems

Hilliard, Ohio

Aquaflow Formpave Coleford, UK

Bacta Pur Kusuri Newton Abbot, UK
Checkerblock Nicolia Industries Lindenhurst, New York
Contech Contech Construction Products Middletown, Ohio
Cultec Cultec Brookfield, Connecticut
Double Trap StormTrap Morris, Illinois
EnviroChamber Hancor Findlay, Ohio
Formpave Formpave Coleford, UK

Hancor Hancor Findlay, Ohio

Hydrologic Solutions
Invisible Structures
Jensen Precast

Hydrologic Solutions
Invisible Structures
Jensen Precast

Occoquan, Virginia
Golden, Colorado
Sparks, Nevada

LandMax Hancor Findlay, Ohio
Microcat Bioscience Environmental Products Bethlehem, Pennsylvania
Monoslab E. P. Henry Woodbury, New Jersey

Petro-Clear

Bioremediate

Cocoa, Florida

Rain Store Invisible Structures Golden, Colorado
Recharger Cultec Brookfield, Connecticut
Single Trap StormTrap Morris, Illinois

Stoney Creek Materials
Storm Compressor

Stoney Creek Materials
Advanced Drainage Systems

Austin, Texas
Hilliard, Ohio

StormChamber Hydrologic Solutions Occoquan, Virginia
Stormtech Stormtech Wethersfield, Connecticut
StormTrap StormTrap Morris, Illinois
StormVault Jensen Precast Sparks, Nevada

Uni-Group USA

Uni-Group USA

Palm Beach Gardens,
Florida
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The benefits for which trees are planted, such as shading and cooling, come into
being only where the trees grow long enough to realize some size (Geiger, 2003).
For this reason, where trees are surrounded by pavements, the pavement structures
must contribute to the habitat in which trees root and grow. The challenge is to
maintain viable soil for abundant tree roots while supporting traffic load through
the same structure.

Tree root systems are typically broad and shallow (Watson and Himelick, 1997,
pp- 137-139). The rooting zone is typically within 24 or 36 inches of the surface.
Even the few species with vertical taproots can have substantial lateral roots as do
other trees. Growing roots meander and fork around stones and other obstructions to
explore for aerated, moist, fertile soil; individual roots take on unusual shapes as
they press through given pore spaces (Craul, 1992, pp. 127, 154). They branch
repeatedly, terminating in numerous fine absorbing roots. They find their way to all
the favorable soil zones around a tree, concentrating particularly in zones with high
levels of air, water, and nutrients (Watson and Himelick, 1997, p. 145).

Figure 5.1 illustrates a number of rooting-zone provisions that will be described
in this chapter. It shows a pavement constructed in Sydney, Australia’s Homebush
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FIGURE 5.1 [Installation of a rooting zone at Olympic Park, Sydney, Australia (after
Bennett, 1999).

Olympic Park for the 2000 Olympic Games. Large fig trees were planted to shade
seating areas at the edges of the park’s central plaza. The trees needed a rooting
medium under a pavement surface that would bear very heavy pedestrian traffic and
occasional machinery. The base course is a mixture of open-graded aggregate and
sandy loam in which tree roots can grow while the aggregate supports the pavement’s
traffic load and protects the loam from compaction. The aggregate-soil mixture is in
contact with the soil of the tree planting pit so roots can extend directly from one into
the other. The subgrade soil further expands the rooting zone if it is not so compacted
as to preclude penetration by roots. The surface course of open-jointed blocks admits
fresh air and water into the rooting zone. Between the surface course and the rooting
zone is a layer of open-graded aggregate free of soil which protects the surface from
root heaving by not attracting roots near the surface. A perforated drainage pipe pre-
vents the accumulation of ponded water that would inhibit aeration.

A tree rooting zone should not be constructed where growing tree roots could
damage utility lines, structures, or pavements. Table 5.1 lists some specific places
where construction of rooting zones should be avoided.

Table 5.2 lists some terms with distinctive application to tree planting and rooting.
Further information on tree rooting habitat can be obtained from the International
Society of Arboriculture (www.isa-arbor.com), its Journal of Arboriculture, its manual
Principles and Practice of Planting Trees and Shrubs (Watson and Himelick, 1997),
and the useful books by Craul (1992, 1999). Concise guidelines for urban tree plant-
ing are in the tenth edition of Architectural Graphic Standards (Urban, 2000). Detailed
information on soil and aggregate materials is given in Chapter 6 of this book.
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TABLE 5.1
Examples of Places Where Construction of Tree Rooting Zones Should Be
Avoided

Place Hazard
In contact with underground sewer lines Tree roots can intrude into and clog sewer lines
In contact with pavements that could be Tree roots may extend under and heave pavements
damaged by growing tree roots that were not built to accommodate them
In contact with old building basements made of  Tree roots can intrude into joints and damage
drylaid masonry or masonry with soft mortar basement walls

‘Wayde Brown and Jason Grabosky, personal communications 2002.

TABLE 5.2
Some Terms with Distinctive Application to Tree Planting and Rooting
Term Definition
Caliper Trunk diameter at breast height (4.5 feet above the ground)
Canopy (crown) A tree’s overhead structure of branches and leaves
Cation exchange Quantity of exchangeable cations that a rooting medium can adsorb
capacity (CEC) and hold available for absorption by roots
Capillary Micropore
CBR California Bearing Ratio, a test of strength for granular materials
dbh Trunk diameter at breast height (4.5 feet above the ground)
Dripline The roughly circular outline of the area under a tree’s canopy, or the
distance of this outline from the tree’s trunk
ESCS Expanded shale, clay or slate
Gap-graded Of two distinct size ranges, with intermediate sizes substantially absent
Hydrogel Polymer capable of absorbing and releasing water, commonly added to
rooting media to increase water-holding capacity
Lift Layer of granular material placed at one time
Macropore Pore wide enough that water flows through it freely without
capillary tension
meq Milliequivalents per 100 grams of rooting medium, a measure of CEC
Micropore Pore narrow enough that water clings inside it
Open-graded (single-sized) Of a narrow range of sizes
Planting medium Soil or soil-like material penetrable by roots and capable of supporting
(rooting medium) root growth by storing, conveying and exchanging air, water and
nutrients
Planting pit (tree pit) The immediate area where a tree is planted, consisting of the tree’s

root ball at the time of planting and the planting medium used for fill
immediately around it

Root base (tree base, The spreading part of the trunk and the rising buttresses of the
trunk flare, root flare, roots, where the trunk meets the ground
root buttress)
Rooting zone Zone of planting medium providing conditions for potential root penetra-
tion and growth
Water-holding capacity The quantity of water that can a rooting medium can hold, after free

drainage, available for absorption by tree roots
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VIABLE ROOTING MEDIA

Media that provide a viable root habitat are those that permit a combination of nat-
ural processes for the storage and transfer of air, water, and nutrients. Tree roots
require from a medium the capacity to perform all the functions listed in Table 5.3.

Penetrability by roots must be unobstructed. Roots penetrate through large pores
(macropores) like those between single-sized aggregate particles and through loose
bodies of soil (Watson and Himelick, 1997, p. 145). A soil that is compacted is dense
and its macropores are destroyed, so root penetration into it is impeded. Penetrability
is indirectly indicated by permeability, because high permeability comes from con-
nected networks of macropores or bodies of loose granular soils. Where macropores
are abundant they are readily visible.

Aeration must be unobstructed. Living roots consume oxygen and produce car-
bon dioxide. Roots live and grow only where oxygen is present (Craul, 1992, p. 142;
Evans et al., 1990). In a rooting medium excess carbon dioxide must be replaced by
fresh oxygen from the atmosphere. The exchange happens through networks of
macropores or the pores in loose granular soil. A rooting medium that is compacted
is dense and its macropores are destroyed, so aeration is inhibited. A soil’s capacity
for aeration is indicated by its permeability and its contact with the atmosphere.

Drainage of excess water must be unobstructed (Bassuk et al., 1998; Watson and
Himelick, 1997, p. 144). Excess water would displace the air in a rooting zone’s
voids, inhibiting gaseous exchange; carbon dioxide would build up without replace-
ment of oxygen. Excess water drains out through networks of macropores or the
pores in granular soil, so long as the pores are in contact with a drainage outlet at the
bottom of the rooting zone. In large pores water is not held under the influence of
capillary tension (Beven and Germann, 1982). In a soil that is compacted, macrop-
ores are destroyed and drainage is inhibited. The capacity for drainage is indicated
by a soil’s permeability and the presence of a positive drainage outlet. In urban areas
many tree rooting zones are surrounded by compacted, impervious soil; in these
cases a positive drainage outlet at the bottom of the rooting zone is especially vital

TABLE 5.3
Functions of Viable Rooting Media
Function Critical Functional Feature Indication of Function
Penetrability by roots Networks of macropores or Permeability
bodies of loose soil
Aeration Networks of macropores Permeability
in contact with the atmosphere
Drainage of excess water ~ Networks of macropores in Permeability
contact with a drainage outlet
Water-holding capacity Numerous micropores Water retention
Nutrient-holding capacity  Electrochemically active surfaces of clay, Cation exchange
organic matter, or certain ESCS aggregates capacity

Evans, Bassuk and Trowbridge (1990); Trowbridge and Bassuk (2004, pp. 4-6); Watson and Himelick
(1997, pp. 3-10).
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(Arnold, 2001). However, it is theoretically possible for excess water to drain
through macropores too rapidly, failing to soak into fine pores for storage and later
availability to tree roots.

Water-holding capacity must be abundant. Roots absorb water daily to supply
the growth and metabolism of a tree’s superstructure. The source of water might be
either natural rainfall or artificial irrigation. After excess water has drained out, the
remaining water is held available for roots in small pores (micropores) like those in
fine-textured soils and certain ESCS aggregates. The amount of water available for
roots is indicated in a soil’s water retention (or “water release”) at a range of capil-
lary tensions, expressed as a percentage of the soil’s dry weight. The American
Society of Testing and Materials (ASTM) D 2325 specifies test methods for water
retention. Total water-holding capacity of a rooting zone is equal to the capacity of
a unit of rooting medium times the total volume of medium in the rooting zone.

Nutrient exchange capacity must be abundant. The electrochemically active sur-
faces of clay, organic matter, and certain ESCS aggregates adsorb nutrient ions and
release them to tree roots. The source of the nutrients might be artificial fertilizers.
Nutrient exchange capacity is indicated quantitatively by cation exchange capacity
(CEC), which is expressed in milliequivalents per 100 grams of material (meq). Total
CEC in a rooting zone is equal to the CEC in a unit of rooting medium times the total
volume of medium in the rooting zone.

The combination of requirements for rooting must be provided together to work
as a system (Arnold Associates, 1982). A network of macropores is necessary for
root penetration, aeration, and drainage. Numerous micropores are necessary to hold
available water after free drainage. The electrochemically active surfaces of soil or
ESCS particles are necessary for cation exchange. Contact with the surface above is
necessary for infiltration of air and water. Contact with a positive outlet below is nec-
essary for drainage of excess water.

ROOTING VOLUME

It is vital that a viable rooting medium be ample in volume, because the rooting zone
is the reservoir from which a tree draws moisture. A tree can transpire more than
twice its weight in water each day (Craul, 1992, p. 127). A rooting zone must sup-
ply stored water in the periods between rain or irrigation events.

If the roots of a growing tree encounter a restricted rooting volume and a corre-
spondingly restricted storage of available water, the tree’s leaf size and rate of shoot
growth decline (Craul, 1992, p. 153). The stressed and dwarfed tree is vulnerable to
pests, diseases, and injury. It is likely to die prematurely, failing to reach the size at
which it could have provided the shade and other benefits for which it was planted.
Consequently, the need for tree maintenance becomes excessive, the need for tree
replacement is common, and the success of the place of which the tree was to have
been part is heavily compromised.

The required volume of viable rooting media is much larger than many people
realize. It is roughly proportional to the size of the canopy of leaves and branches
where the water will be used, and depends further on the soil’s water-holding capac-
ity, the supply of water to the zone, the species of tree, and the evapotranspirative
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water demand of the local climate (Craul, 1999, p. 216; Lindsey and Bassuk, 1991).
Because of those complexities, the judgments of how much rooting volume trees
need have been diverse. The judgments have been expressed variously as ratios of
soil volume to crown area, to trunk caliper, and to number of trees. Even researchers
using the same type of ratio have come up with different required volumes.

The viable thickness of a rooting zone is commonly limited to 2 or 3 feet (Craul,
1992, p. 135, and 1999, p. 274; Watson and Himelick, 1997, p. 12), because below
that depth in most soils tree roots tend not to find adequate oxygen. The limited
thickness of the rooting zone makes it imperative for the zone’s horizontal area to
produce the required rooting volume.

Figure 5.2 shows minimum rooting volume requirements in natural soil accord-
ing to one of the expert researchers in this field (Perry, 1994). On the horizontal axis
the tree diameter goes up to 25 inches, which is the diameter of a relatively mature
full-sized tree. According to the figure, to grow to full size, an individual tree
requires a rooting volume as big as the “footprint” of a small house. Even volumes
as large as those shown in the figure may not permit a given tree to grow to the size
of others of its species which grew up with larger volumes. Where a volume smaller
than that indicated in the figure is the best that can be provided, the likelihood of
early decline, high maintenance requirement, and short life increase. Greater vol-
umes than those shown in the figure would reduce stress and make trees more likely
to be long-lived, full-sized, and maintenance-free.

Urban (2000, and cited in Craul, 1999, pp. 215-216) independently arrived at
values more or less similar to Perry’s by estimating the rooting volumes of trees in
cities of the northeastern U.S. and evaluating the trees’ relative vigor and survival.
He found that among small trees those that were healthy and vigorous had rooting
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FIGURE 5.2 Minimum volume of typical natural soil required for tree rooting (after Perry,
1994).
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volumes in excess of 600 cubic feet. All trees greater than 25-inch caliper had up to
1200 cubic feet.

Perry’s values are roughly consistent in effect with an old rule of thumb which
says that the area given to a tree in a 24-inch thick rooting zone should be at least as
large as the area expected under the tree’s canopy at full maturity (Grabosky et al.,
2002; Thompson and Sorvig, 2000, p. 119; Watson and Himelick, 1997, pp. 12, 44).
For example, a large tree with canopy diameter of 40 feet has a canopy area of about
1250 square feet, which is similar to the values near the right side of the chart.

A rooting zone may take on a very irregular shape, so long as the volume
requirement is not compromised (Thompson and Sorvig, 2000, p. 119; Watson and
Himelick, 1997, p. 12). The zone need not conform to the area directly under a tree’s
expected canopy or be symmetrical around a tree’s root base. Many species can
extend individual roots great distances in favorable directions while leaving unfa-
vorable directions alone. For example, an adequate rooting area could be narrowly
linear to fit available space along an urban street, or it could link patches of available
soil in a complex setting.

The requirement for multiple trees planted together in a single connected root-
ing zone is smaller per tree than that for an individual tree, because the roots of mul-
tiple trees overlap in the soil, using a given volume of soil and its stored moisture
more efficiently, and the canopies of multiple trees shield each other from drying sun
and wind (Watson and Himelick, 1997, pp. 43—44). Connecting a series of rooting
zones for individual trees into a single continuous trench enlarges the rooting volume
for all the trees together (Evans et al., 1990; Thompson and Sorvig, 2000, p. 120;
Watson and Himelick, 1997, p. 44). Even connecting zones with narrow rooting
“channels” allows individual roots to explore large soil volumes.

Where a preexisting tree is to be preserved in the midst of pavement construc-
tion, its dripline is a handy and perhaps necessary aid to estimating the approximate
location and extent of its rooting zone. The dripline area may encompass the major-
ity of the tree’s roots. However, far beyond the dripline long individual roots may
occupy an additional, extensive, irregularly shaped soil area. Consequently, 1.5
times the dripline has been suggested as a more reliably encompassing guideline
(Nina Bassuk, personal communication 2003).

THE ROLE OF A PAVEMENT’S SURFACE COURSE

A rooting medium must be able to exchange air and water with the atmosphere
(Arnold, 1993, p. 128; Thompson and Sorvig, 2000, p. 118; Trowbridge and Bassuk,
1999; Evans et al., 1990). Under a pavement, moisture and fresh air attract roots
from adjacent planting pits, making the medium an effective part of the rooting zone.

Figure 5.3 shows three ways to connect a rooting medium through a pavement
surface course to sources of air and water above. Perforated pipes allow some aera-
tion and irrigation beneath a dense (impervious) surface; the pipes must be closely
spaced, and thoroughly and continuously vented. An example of a product specifi-
cally intended to work with a pipe system is the Wane Tree Feeder System
(www.wane3000.com). Intermittent porous surfaces are produced by tree pits along
a continuous rooting trench; they can aerate the base to a degree as long as the tree
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FIGURE 5.3 Alternative provisions to infiltrate air and water to a rooting medium through
a pavement surface course.

pits are wide and are surfaced with permeable material in contact with the porous
rooting zone. A layer of open-graded aggregate over the rooting zone can distribute
air under the surface course and across the rooting zone (Kristoffersen, 1998). A con-
tinuous porous surface is the most thorough and reliable way to aerate the rooting
zone, so long as the surface is truly porous and permeable and no dense material is
introduced between the surface course and the rooting zone. A porous surface over-
lies the entire rooting zone, providing uniform aeration through myriad pathways.

A surface course may have to deal with the possibility of heaving roots growing
in the rooting zone. The roots that may have heaved sensitive pavements in the past
were those that grew very near the surface course (Grabosky and Bassuk, 1995;
Watson and Himelick, 1997, p. 45; Kopinga, 1994; Kristoffersen, 1999). Because of
their location, these roots could concentrate expansive pressure on the surface layer,
potentially to lift the surface from below. Most of the damage has been located
within a few feet of tree trunks, in effect within the tree root base, where roots grow
to the greatest diameter.

However, the causal relationship between roots and pavement heaving is not
conclusively known, and is for the moment controversial. The upward pressure
exerted by an expanding root (in units such as pounds per square inch) is not known,
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so whether that pressure is adequate to lift a pavement surface course against the
pavement’s weight and interlocking resistance to movement is also not known (Jason
Grabosky, personal communication 2002).

A persuasively skeptical inquiry into the possibility of root heaving was a series
of studies in Cincinnati by Sydnor and his colleagues (Sydnor et al., 2000; D’ Amato
et al., 2002). The researchers found that deformations of concrete sidewalk pave-
ments were no more common near trees than where trees were not present (Sydnor
et al., 2000). Instead, a disproportionately high number of deformations occurred
where pavement subgrades were of unusually low strength and susceptible to frost
action. Of the sidewalk cracks located near trees, half were not occupied by roots
(derived from data in Table 2 of D’ Amato et al., 2002). The causes of the unoccu-
pied cracks came, by default, not from roots but from the ordinary factors of pave-
ment structural design such as thickness in its relation to subgrade strength, frost
heave, and traffic load. For the cracks occupied by roots, it is not known whether the
roots caused the cracks, or were attracted into the aerated soil under previously
formed cracks.

Until the question of causality is resolved, it is prudent in pavement design to
assume a possibility of heaving pressure from roots below. It is necessary either to
select a type of surfacing that is unharmed by root heaving or to protect the surface
layer from the pressure below.

Pavement surfaces that are tolerant of heaving are unbound aggregate, turf, geo-
cells filled with aggregate or turf, and the “soft” paving materials. These surfaces are
flexible and adaptable, and not disrupted by slight irregularities that could result
from root heaving. They can be placed over tree rooting zones with little provision
to protect them from heaving. Decks are even less sensitive to heaving because their
surfaces are isolated from rooting zones.

Pavement materials that are sensitive to displacement are concrete, asphalt,
blocks, and grids. These materials become difficult to travel on and look unsightly
when they are displaced or cracked.

For a surface that is sensitive to heaving, a nonrooting layer intervening between
the surface course and the rooting zone can limit and counteract heaving pressure
(Craul, 1999, pp. 291-297; Kopinga, 1994). A nonrooting layer is made of clean
open-graded mineral aggregate; roots tend not to grow into empty void spaces
between inert aggregate particles where water and nutrients are not stored. An exam-
ple was shown in Figure 5.1. The thickness of a nonrooting layer dissipates heaving
pressure. The combined weight of the layer and the surface course, and their inter-
locking resistance to displacement, counteract the upward pressure of root expan-
sion. Layers of this kind that have been built in the past have been 4 or more inches
in thickness; the thickness actually needed has not been established by research.

Porous, penetrable, well-aerated base materials like those described below could
further dissipate heaving forces by inviting roots to grow deep in the base layer
(Grabosky et al., 2002). “Structural soils” tend to be better aerated than most native
soils, so at a depth they provide a combination of reliable moisture supply, stable
temperatures, and adequate aeration which does not exist near the surface. At a
depth, the weight of overlying pavement materials counteracts and disperses the
heaving pressure of expanding tree roots.
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BASE COURSE ROOTING MEDIA

Experience since the early 1980s indicates that it is possible to grow and sustain
healthy trees with pavement base courses made of specially designed rooting media.
Figure 5.1 showed an example of placement of this type of base. The principle of the
material is a combination of open-graded aggregate that forms the load-bearing
structure, and a provision for water and nutrient storage either within the aggregate
particles or in soil occupying the voids between aggregate particles. Roots can grow
in the soil while the aggregate skeleton supports the traffic load and protects the soil
from compaction.

A correct proportion of soil is vital to the mixture’s success (Grabosky and
Bassuk, 1996; Spomer, 1983). The quantity of soil must be less than the void space
between aggregate particles in order to allow the aggregate particles to interlock
structurally with each other and prevent compaction of the soil. The remaining void
space is left empty for the movement of water and air. This limitation is particularly
relevant for fine-textured soil, because fine-textured soil has little aeration or
drainage through its own pores, and bodies of fine-textured material can be suscep-
tible to frost heave. Craul (1999, pp. 291-293) has suggested as a rule of thumb a
maximum soil volume of 20 or 25 percent of the volume of the aggregate, assuming
aggregate with void space of 30 to 40 percent.

This chapter describes three types of load-bearing mixtures that have been
developed.

STONE-SOIL MIXTURE (CORNELL STRUCTURAL SOIL)

Researchers at Cornell University (Grabosky and Bassuk, 1995, 1996, 1998;
Grabosky et al., 2002; Bassuk et al., 1998) developed a load-bearing mixture of
open-graded stone aggregate and fine-textured soil. This type of mixture has been
variously called structural soil or skeletal soil. With it they have performed a great
amount of technical research and have contributed greatly to the understanding of
materials that both bear loads and support tree rooting. Updates on the continuing
research are posted on the web site of Cornell’s Urban Horticulture Institute
(www.hort.cornell.edu/uhi).

The Cornell researchers’ mixture and their method of adapting it to specific
locally available aggregate and soil materials have been patented (Grabosky and
Bassuk, 1998) and are now being distributed exclusively by Amereq and its licensees
under the name CU Soil (www.amereq.com). The ability to purchase the proprietary
product from a licensed distributor brings with it the reliability of a legitimately con-
trolled product with given specifications and documented performance (Grabosky et
al., 2002). The following discussion attempts to describe the patented mixture and
its documented effects without purporting to advise on where the limits of the
patent’s protection lie or what would or would not constitute an infringement. More
information about the specific claims of the patent is available in the original patent
document (Grabosky and Bassuk, 1998).

Table 5.4 lists the components of the patented mixture. The researchers have
specified quantities on a dry-weight basis; the volumetric proportions are roughly
equal to those given by weight.
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TABLE 5.4
Components of Stone-Soil Mixture Patented by the Cornell Researchers
Component Description Amount
Stone aggregate ASTM No. 4 Approximately 80 percent of mixture’s total weight
Soil Fine-textured 12 to 33 percent of aggregate by dry weight (approxi-
mately 20 percent of mixture’s total weight)
Hydrogel Acrylamide 25 to 40 grams per 100 kg of aggregate (0.40 to 0.64
ounces per 100 pounds of aggregate) by dry weight
Compaction of mixture  Proctor standard 90 to 95 percent minimum
Strength criterion CBR at least 40 Applied by testing compacted mixtures with alterna-

tive quantities of soil

Grabosky and Bassuk (1998).

The mixture’s aggregate must be durable, coarse, open-graded, and angular.
Cornell’s research assumed that the aggregate is inert rock with no internal microp-
ores, water-holding capacity, or cation exchange capacity. In practice, the aggregate
is most typically one inch in size; aggregate up to 2.5 inches has been used (Jason
Grabosky, personal communication 2002). (The Cornell research and patent docu-
ments cite gradations from ASTM C 33 which are identical to those in ASTM D 448.)

The mixture’s soil must be fine-textured; it is usually loam, silt loam, or clay
loam, with little organic matter. Fine-textured soil has water- and nutrient-holding
capacities which dense, inert stone aggregate does not, so its addition to the mixture
is necessary to make the mixture into a viable rooting medium. Fine-grained soil
also has cohesiveness which, together with that of hydrogel, holds the soil uniformly
to the aggregate particles during mixing and placement, and may resist downward
erosion through the pores after placement.

A small amount of commercially available hydrogel is added to hold the soil to
the aggregate particles and assure uniformity of the mixture. The quantity of hydro-
gel must be very limited to prevent interference with aggregate interlock and poten-
tial frost action (Grabosky and Bassuk, 1998). At the specified application rate, the
hydrated hydrogel occupies less than 1 percent of the aggregate’s void space.
Amereq, the holder of the distribution license for CU Soil, supplies a hydrogel called
Gelscape (www.amereq.com). Other hydrogels probably exist which are capable of
being used for this purpose.

The Cornell researchers found that as long as the aggregate is durable and angu-
lar, high strength is produced by mixtures in which the quantity of soil is less than
25 percent the weight of the mixture. Amounts of soil greater than that tend to inter-
fere with the bearing capacity of the aggregate interlock. Good tree rooting occurs
only in mixtures in which the quantity of soil is between 10 and 35 percent.
Therefore, in the overlapping range between 10 and 25 percent both strength and
rooting objectives could be met (Grabosky and Bassuk, 1998).

However, for a given project, the exact amount of soil that can be blended into the
aggregate without diminishing strength depends on the particular locally available
stone and soil materials. Therefore, the quantity of components is adjusted to local
materials using the governing criterion of strength (Grabosky and Bassuk, 1998). For
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each project a strength requirement is designated using the California Bearing Ratio
(CBR, ASTM D 1883); a minimum CBR of 40 or 50 is sufficient for many pavements
with pedestrian or light vehicular traffic. Test batches of the mixture containing dif-
ferent quantities of soil are tested for CBR. Among the test mixtures with acceptable
CBR, that containing the greatest quantity of soil is selected for the project mixture.

During mixing, just enough water is added to the hydrogel to make a sticky
slurry which coats the aggregate particles. When the soil is blended into the aggre-
gate, the slurry holds the soil on the surfaces of the aggregate particles. Upon place-
ment, the mixture’s moisture is brought up to the Proctor optimum for compaction
and the material is compacted to 95 percent Proctor density in 6-inch lifts.

Figure 5.4 shows trees growing in Cornell structural soil on State Street in
Ithaca, New York. Beginning in 2000 five blocks of this street were rehabilitated

FIGURE 5.4 Trees rooted in Cornell structural soil on State Street in Ithaca, New York.
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with reconstructed and enlarged sidewalks and new trees to supplement large pre-
existing trees. Soil was excavated from the entire sidewalk area except for a 12 feet
X 7 feet area at each preexisting tree base. Structural soil was installed 35 inches
deep between the tree bases and from them to the building front, replacing dense
compacted soil with rooting zone. A dense concrete sidewalk was placed over the
structural soil, and block pavements were added between tree bases for pedestrian
access across the formerly compacted soil tree strip. After three years the new lin-
den and koelreuteria trees were growing well. In addition the large preexisting ash
and honey locust trees were doing surprisingly well following the stress of root cut-
ting during excavation (Nina Bassuk, personal communication 2003). They bene-
fited from the very penetrable, well-aerated environment of the structural soil. The
viable rooting volume below the sidewalk is much larger than it used to be, and is in
contact with adjacent lawns for still further rooting area.

Other installations in all parts of North America are listed on the Amereq web
site. Table 5.5 lists some of those for which information about the site or project is
easily available.

Cornell’s research showed that the compacted mixture can adequately bear
loads through the stone skeleton. In the Unified classification, the blended mixture
might be classified as highly stable GM, GC, or GP. Because the stone-soil mixture
contains little silt and organic matter, it meets Corps of Engineers criteria for low
frost susceptibility. Compared with the sand-based Amsterdam tree soil the Cornell
stone-soil mixture has greater load-carrying capacity and less susceptibility to frost
damage.

The research showed that in the compacted mixture the young roots of oaks and
lindens deformed to grow around aggregate particles while absorbing water and
nutrients from the fine-textured soil. The roots were deeper and more abundant than
those in compacted uniform soil because they were able to penetrate through the

TABLE 5.5
Examples of Installations of CU Soil

Name Location Source of Further Information

Statehouse Convention Center

Tressider Hall Parking,
Stanford University

Hewlett Foundation

Ritz Carlton

Xcel Energy Center

Landmark Plaza

Camden Water Front

Nationwide Arena

Heinz Field

‘Watson Institute

Oyster Point Town Center

West Seattle High School

Little Rock, Arkansas
Palo Alto, California

Menlo Park, California
‘Washington, DC

St. Paul, Minnesota

St. Paul, Minnesota
Camden, New Jersey
Columbus, Ohio
Pittsburgh, Pennsylvania
Providence, Rhode Island
Newport News, Virginia
Seattle, Washington

www.littlerock.com
www.stanford.edu

www.hewlett.org
www.ritzcarlton.com
www.xcelenergycenter.com
www.landmarkcenter.org
www.camdenwaterfront.com
www.nationwidearena.com
www.steelers.com
www.watsoninstitute.org
www.oysterpointonline.com
http://wshs.seattleschools.org

www.amereq.com.
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mixture’s macropores and they found air and water in balance deep in the well-aer-
ated, well-drained mixture.

Tree shoot growth in paved areas of Cornell structural soil is equal to or greater
than that in nearby areas of lawn in the first three years after planting (Grabosky
et al., 2002). The trees where this was observed were of several species and had been
planted at 2- to 2.5-inches caliper. The relatively low rate of growth in the lawns
could be attributable to the greater compaction of the lawn soil than of the soil in the
stone-soil mixture (or other factors of lawn soil quality), root competition from the
turf, or mower damage. The researchers speculate that as the trees in structural soil
enlarge they may become stressed by the small size of the pavement openings
around their bases. Additional potential limiting factors for large trees could be the
total volume of available rooting zone, and whether air exchange occurs through the
pavement surface. Continuing research is planned.

ESCS MIXTURES (ARNOLD AIR-ENTRAINED SOIL)

Landscape architect Henry Arnold (1993, pp. 129-130) developed a base-course
rooting mixture based on ESCS aggregate in the 1980s. He calls the mixture “air-
entrained soil,” referring to the presence of open pores in and between ESCS aggre-
gate particles despite compaction of the mixture during construction. Air-entrained
soil predates the Cornell mixture and is physically different. The defining difference
is the mixture’s use of porous ESCS aggregate rather than dense mineral aggregate.

Arnold built the idea on the work of federal agronomist James Patterson (1976;
Patterson and Bates, 1994), who had mixed ESCS aggregate into the soil of high-
traffic lawns in Washington, DC. Arnold was inspired to apply the idea to paved sites
by the successful rooting of trees in or under aggregate walking surfaces in old
European parks (Arnold Associates, 1982).

There is no patent on the mixture (Arnold 2001) nor has there been systematic
research as there was for Cornell structural soil. Instead, over the years, Arnold and
other designers have used regionally available ESCS products and adjusted the mix-
ture from project to project with experience (Arnold 1993, p. 130). Table 5.6 lists
examples of installations of the mixture by both Arnold and other designers. The
ESCS suppliers’ web sites list many more recent projects.

ESCS is a common component of horticultural planting media because of its aer-
ating and water-holding capabilities (ASTM D 5883). The particles’ small pores mod-
erate moisture fluctuations in planting media by absorbing excess water when it is
present and releasing it gradually as the surrounding soil dries out. Retention of water
available to tree roots can be 12 to 35 percent of the aggregate’s oven-dry weight.

Open-graded sizes of ESCS aggregates can be selected from among those
defined in ASTM C 330 or 331. ESCS products that meet the standards of ASTM C
330 or C 331 are strong, durable, and uniform. Most ESCS aggregates can be com-
pacted to 95 percent Proctor density.

Some regionally available ESCS aggregates have high cation exchange capacity
(CEC). The CEC of the Stalite product is reportedly 26 meq (Chuck Friedrich, per-
sonal communication 2003), which is comparable to clay and higher than many nat-
ural soils. Other ESCS aggregates can have higher or much lower CEC due to their
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TABLE 5.6
Examples of Projects using ESCS Tree Rooting Mixtures
Name Date Location Reference
Community Park School 1985 Princeton, New Jersey Lederach
Peachtree Plaza Hotel 1988 Atlanta, Georgia Lederach
Charlotte-Mecklenburg 1988 Charlotte, North Carolina Lederach
Government Center
Newport Plaza 1991 Jersey City, New Jersey www.nesolite.com;
Lederach
Metrotech 1992 Brooklyn, New York Lederach
One Peachtree Plaza 1995 Atlanta, Georgia Lederach
Marietta Street median 1996 Atlanta, Georgia Friedrich
Downtown street trees 1997 Cary, North Carolina Friedrich
Korean War Memorial Plaza 1998 Washington, DC www.permatill.com;
Friedrich
Robert F. Wagner Jr. Park 1999 Battery Park City, www.nesolite.com
New York
East Chase Mall 2002 Montgomery, Alabama Friedrich
Atlanta College of Art 2003 Atlanta, Georgia Friedrich

“Friedrich” is Chuck Friedrich, personal communication (2003); “Lederach” is Stephen Lederach,
personal communication (2002).

geologic sources or details of processing. One can select specific combinations of
ESCS and soil materials to produce composite cation-exchange and water-holding
capacities in a project-specific rooting medium. Some ESCS suppliers provide
guideline specifications for mixtures using their specific products.

Some of Arnold’s projects have called for porous ESCS aggregate 3/8 inch in
size, into which is mixed 5 to 10 percent (of volume of aggregate) peat moss and
loam topsoil and 15 percent clay. Because ESCS aggregate is light in weight, those
volumetric proportions give the soil-organic matter content up to 50 percent of the
aggregate’s bulk weight (Arnold, 2001).

Figure 5.5 shows one of Arnold’s largest projects, the Commons in the
Metrotech Business Improvement District in Brooklyn, New York. The district is an
urban revitalization area occupied by colleges, schools, and government and corpo-
rate offices (www.metrotechbid.org). At the center of the district is a pedestrian open
space called The Commons, set with trees and benches; pedestrian traffic under the
trees is continuous and heavy. The base course is of low-CEC expanded clay aggre-
gate, with soil blended into the aggregate’s voids. The rooting mixture is 2 feet deep.
The pavement surface is a 1.5-inch layer of clean, angular No. 10 aggregate which
bears very heavy pedestrian traffic while admitting air and water to the rooting
medium. The numerous honeylocusts and oriental cherries rooted in the ESCS mix-
ture were large and healthy 12 years after installation. The same rooting medium was
used for street trees in eight surrounding city blocks (Stephen Lederach, personal
communication 2002).

A more recent project is Pier A Park, located on a reclaimed cargo pier in
Hoboken, New Jersey (Richardson et al., 2000; Thompson, 2001). The park’s porous
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FIGURE 5.5 Cherry trees rooted in an ESCS-soil mixture at Metrotech Commons,
Brooklyn, New York, 12 years after installation.

surfaces were introduced in Chapter 2. Table 5.7 lists the components in the park’s
air-entrained soil base-course mixture. The ESCS is open-graded aggregate of C 331
1/2 inch gradation. The quantity of topsoil and peat was sufficient almost to fill the
voids between aggregate particles; some experts speculate that the amount of soil was
high enough to be susceptible to compaction. The mixture was placed in 8-inch lifts
that were compacted to 90 to 95 percent Proctor density. Compared with dense min-
eral aggregate, the lightweight aggregate limited loads on the pier deck, avoiding the
considerable expense of pier reinforcement or replacement. The rooting zone is
drained by drainage mats beneath the air-entrained soil layer. Where the surfacing
is aggregate, a 1.5-inch thick surface layer of open-graded No. 10 traprock was placed
directly on top of the air-entrained soil (Henry Arnold, personal communication 2001).
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TABLE 5.7
Components of Air-Entrained Soil at Pier A Park, Hoboken, New Jersey
Component Quantity

ESCS aggregate 1/2" gradation

Topsoil 30 percent of aggregate’s volume

Peat 5 percent of aggregate’s volume

5-10-10 fertilizer As required according to agronomic soil tests

Calculated from data in Thompson (2001).

In other places, a layer of the same No. 10 aggregate is the setting bed for open-jointed
paving blocks.

ESCS products with high CEC theoretically need little or no blended-in soil for
nutrient-holding. Plants have been rooted in this type of ESCS aggregate without
added soil, under carefully operated irrigation. However, in a setting without such
careful irrigation the very high permeability of the open-graded material would
allow a large part of natural rainwater or casually applied irrigation water to drain
rapidly through the material, leaving insufficient water stored in the particles’ small
pores. Therefore, soil is blended even into high-CEC ESCS to increase water-hold-
ing capacity. The added soil is usually coarse-textured, inorganic materials such as
sand, sandy loam, sandy clay loam, or fine particles of ESCS, which are well-
drained and limit the mixture’s susceptibility to frost damage. The amount of soil
typically has been 20 percent of the bulk volume of the aggregate. In some projects
using high-CEC ESCS, hydrogel was not necessary while mixing in sand; instead,
moistening the ESCS aggregate with water was sufficient to cause sand particles to
coat the aggregate during mixing, transportation, and placement (Chuck Friedrich,
personal communications 2002 and 2004).

Two decades of field experience with ESCS mixtures is valuable, but it is only a
partial substitute for systematic research like that which upholds CU Soil. ESCS air-
entrained soil requires research and documentation equal to that given to the Cornell
stone-soil mixture. ESCS producers need to publish uniform information about spe-
cific aggregate products and aggregate-soil mixtures relevant to pavement design
and tree rooting, including CBR freeze-thaw durability (the magnesium sulfate test),
water-holding capacity, and CEC.

SAND MIXTURE (AMSTERDAM TREE SOIL)

An early type of load-bearing rooting medium was developed by the Amsterdam city
government; it has been referred to as “Amsterdam tree soil” or “Amsterdam sand”
(Couenberg, 1993; Watson and Himelick, 1997, p. 44). The city’s personnel hoped
to prolong the life of street trees by providing a better rooting medium than the heavy
clay subgrade that characterizes much of the city. Amsterdam sand does not have the
same advantages as the other mixtures described above, either for rooting or struc-
tural stability. However, it represents a resourceful use of materials in a locale with
undemanding structural standards and limited options. It continues to be used in
some areas.
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The mixture’s aggregate skeleton is open-graded coarse sand; larger aggregate is
difficult to obtain in the Amsterdam area. A fine-textured soil of clay and organic
matter is mixed into the sand’s voids (Couenberg, 1993). The mixture could be clas-
sified as a loamy sand (Craul, 1999, pp. 291-292). The amount of fine-textured soil
is limited to prevent excessive settling after the mixture is installed, although this
also limits the mixture’s water- and nutrient-holding capacities. Fertilizer is added
according to agronomic soil tests. Upon placement, the mixture is compacted to
70 to 80 percent Proctor density, which is low compaction by U.S. standards. The
mixture is surfaced with a flexible pavement such as blocks with sand-filled joints.
Table 5.8 lists the components. Figure 5.6 shows typical construction.

At a 1984 installation on the Transvaalkade (a street alongside the Ringvaart
canal in Amsterdam), the tree soil supports a series of elm trees (Couenberg, 1993).

TABLE 5.8
Components of Amsterdam Tree Soil

Component Description Amount (Proportion of
Mixture’s Total Weight)

Coarse sand 50 percent (by weight) at least 220 um in size, 91 to 94 percent
and no more than 2 percent smaller than 2 um

Organic matter Compost or sphagnum 4 to 5 percent

Clay 2 to 4 percent

Couenberg (1993).

T
Paving blocks 4"
|
4"
Amsterdam
tree soil 26"
(loamy sand)
V2

Well drained sandy subgrade
or gravel and perforated pipe

FIGURE 5.6 Typical installation of sand rooting mixture in Amsterdam (data from
Couenberg, 1993).
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The mixture fills a trench 3 feet wide, connecting the tree planting pits and provid-
ing about 140 cubic feet per tree. The tree pits are located 50 feet apart; between
them the trench is surfaced with paving blocks for parking spaces. A setting bed of
open-graded sand distributes air from the tree pits across the rooting zone. After four
years the trees were doing well and had grown considerably; after nine years they
“were still doing reasonably well.”

A similar installation on the Plantage Middenlaan (a street in a historic district
of the city) supports trees planted in 1986. A trench filled with tree soil 6-feet wide
and 3-feet deep was surfaced with a sand-setting bed and paving blocks, tight-jointed
for stability in parking spaces and open-jointed for air exchange elsewhere. At seven
to ten years after planting the trees had “grown very well” and were “still growing.”

The material has been used in other European countries such as Denmark. At
Christians Havns Square in Copenhagen seven linden trees were planted in a trench
of tree soil 10 feet wide and 180 feet long (Kristoffersen, 1998). Similar material is
being used in Britain under the name “tree sand” (www.treesand.co.uk).

Amsterdam’s experience has been that the tree soil can bear light loads such as
those of sidewalks while supporting the rooting of trees. In sidewalks and parking
stalls the city tolerates one inch of surface settlement in three years. However, the
mixture can be compacted by heavy construction equipment or heavy traffic. As
described in Chapter 3, loamy sand has only a moderately stable ML category in the
Unified classification of soil and aggregate, and at best a “medium” susceptibility to
frost heave. The uniformly small size of the pores between sand particles in
Amsterdam tree soil might inhibit root growth and movement of air (Craul, 1999,
pp- 291-292), especially where the material has been compacted.

PROVISIONS FOR ALL BASE-COURSE ROOTING MIXTURES

For all rooting-zone mixtures a functioning rooting-zone layer must be at least 24
inches, and preferably 36 inches, thick (Bassuk et al., 1998). The total volume of a
rooting zone must be adequate for the trees planted in it. Because the layer is a struc-
tural component of a pavement, its thickness must, in addition, meet any applicable
structural requirement for the pavement as described in Chapter 3.

A pavement layer used for rooting should not also be used as a reservoir for pro-
longed storage of water. The displacement of air from the voids would lead to anoxic
conditions. If the storage of water like that described in Chapter 4 is desired, a dis-
tinct reservoir layer can be added beneath a rooting-zone layer.

All rooting-zone materials require regional adaptations for available aggregate
materials, tree species, climate, and contractor qualifications. Aggregate used in
pavement construction must meet local requirements for durability and stability.
Like any planting medium, a mixture should be given agronomic tests, and where
indicated, fertilizer should be added. Like other pavement aggregate materials, root-
ing mixtures should be installed in lifts and compacted lift by lift.

Given a correct proportion of soil, the soil must be uniformly blended into
the stone-soil mixture to avoid dearth in some places and over-concentration else-
where. Kristoffersen (1998) compared three methods of blending and installing
aggregate-soil mixtures. (1) In the first method, the aggregate and soil are mixed
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before installation and then placed and compacted in lifts. In this method, hydrogel
and water are important in holding soil and aggregate particles together to obtain
uniform mixing. (2) In the second, a lift of aggregate is placed and compacted, then
an appropriate amount of soil is spread over the aggregate and washed into the voids
with water. This method is most suitable with large aggregate sizes. It ensures struc-
tural stone-to-stone contact and that the soil is not compacted. It can be done in
either dry or wet weather. It can require large volumes of water. (3) In the third
method, the aggregate is placed in lifts and dry soil is mixed into each lift’s voids by
sweeping and vibration. This method is suitable only with very large aggregate (3 to
6 inches in size) and in dry weather. It ensures structural stone-to-stone contact with-
out soil compaction.

The selection of tree species must be matched to the mineral composition of the
aggregate that will be used in the rooting zone. Soft limestone and crushed concrete
rubble leach out alkalinity to which only certain species are tolerant. Some locally
available aggregates leach out undesirable metals or other constituents. Trowbridge
and Bassuk (2004, pp. 61-73) listed examples of trees appropriate for use with struc-
tural soils; they include trees that are tolerant of both alkalinity (from concrete or
limestone aggregate) and drought. For an aggregate material that may leach
unwanted constituents, potential leaching can be limited by using only strictly
coarse, open-graded (single-size) aggregate, and washing out clinging fine particles
before mixing in any soil. The remaining large aggregate particles have relatively
small surface area from which minerals could be leached.

Drainage and water-holding capacity are mutually offsetting functions. To have
both of them, a rooting medium must have a balanced combination of macropores
and micropores. Figure 5.7 compares the quantities of macropores and micropores
in typical mixtures. Natural soil typically has high total porosity in a balanced com-
bination of macropores and micropores, with the potential for equally balanced
drainage and water-holding capacity. Open-graded stone and ESCS aggregates have
high volumes of macropores between aggregate particles; ESCS also has some
microporosity. In both types of aggregate, the addition of soil to make aggregate-soil
mixtures reduces the macroporosity but also adds micropores which hold available
water. The ESCS-based mixtures end up with relatively balanced macroporosity and
microporosity, more or less emulating natural soil. The portion of ESCS’s water-
holding capacity in the aggregate’s micropores is permanently positioned in a
rooting zone and not susceptible to settling as the soil portion of stone-soil mixtures
may be.

For all types of load-bearing rooting media, research is needed into the mixtures’
quantitative water availability and its implications for rooting-zone design. Trees
rooted in mixtures with low water-holding capacity may be more dependent on arti-
ficial irrigation than those rooted in natural soils. A need for supplemental irrigation
may be most pronounced in the first one or two years after planting, before the roots
have elongated sufficiently to activate much of the available rooting zone (Grabosky
et al., 2002). Mixtures with low water-holding capacity may need to be placed in
larger rooting zones than those suggested in Figure 5.2 in order to build up the total
water-holding capacity required by a full-sized tree (Kim Coder and James Urban,
personal communications 2001).
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Percent of bulk (total) volume

Natural Stone ESCS Stone ESCS

soll Open-graded aggregates Aggregate-soil mixtures
FIGURE 5.7 Approximate void space in typical rooting media (natural soil from Brady,
1974, pp. 54-55; aggregates and mixtures calculated assuming aggregates have 35 percent
void space between particles, amount of soil in mixture is 20 percent of aggregate’s bulk vol-
ume, microporosity in soil is 40 percent of soil volume, and microporosity in ESCS particles
is 10 percent of aggregate’s bulk volume).

On the other hand, Arnold has speculated that inert porous pavement surfacing
may inhibit evaporation from a rooting zone as would a mulch (Arnold Associates,
1982). If so, then trees rooted under porous pavements have lower replacement water
requirements than those growing in vegetated lawns or planting beds. This possibil-
ity needs to be confirmed by research.

Among other subjects requiring further research are (1) whether the soil washes
downward through the pores over a period of years, reducing the uniformity and
effectiveness of the rooting medium (factors that could inhibit erosion are the cohe-
siveness of clay and hydrogel, the filling of half or more of the void space by prop-
erly blended-in soil, and networks of fine roots when they develop); (2) whether
roots can grow deeper than 36 inches in very well-aerated rooting media based on
coarse open-graded aggregate; (3) whether the roots growing in a base-course root-
ing zone can heave a pavement surface (factors that might inhibit heaving are deep
rooting habits in well-aerated material, the ability of roots to conform to the shapes
of available void spaces that they encounter, a root barrier of clean open-graded
aggregate just below the surface, and the resistance of overlying pavement materi-
als); and (4) whether, on the contrary, roots are strangled between aggregate parti-
cles that they cannot push aside.

A viable planting medium is only one part of a system to maintain root growth
and health. The other components of the system are a means for air and water to
enter the soil, and a means for draining excess water out.

Where unpaved soil such as turf areas or planting beds exists near tree pits, the
expense of a subpavement rooting zone need not necessarily be borne for an entire
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paved area around the trees. Instead, narrow zones of subpavement rooting zone
could form “root channels” connecting tree pits to each other and to the unpaved
areas. Where a narrow pavement such as that of a sidewalk has trees on one side and
unpaved soil on the other, “root channels” located at intervals along the pavement
could connect one side to the other, enlarging the soil volume available to the trees.

ROOTING SPACE IN SUBGRADE

The subgrade soil beneath a pavement structure is a potential rooting zone. Where a
rooting medium is present in a base course, additional rooting in the subgrade sup-
plements the rooting-zone volume and the moisture reservoir from which a tree can
draw. Where a rooting medium is not present in the base course, clean open-graded
base material can distribute air and water to a subgrade rooting zone while counter-
acting the pressure of root heaving.

A vital requirement is that the subgrade not be compacted to any degree: roots
cannot penetrate compacted subgrade (Grabosky and Bassuk, 1998). Specifications
must clearly require that the subgrade is not to be compacted and that construction
traffic on the subgrade surface is forbidden even though the base material to be
placed on it will be compacted. Some rooting may be possible following carefully
limited compaction (Gray, 2002).

Some pavements are installed over the rooting zones of pre-existing trees. To pro-
tect the trees it is vital to avoid compaction of the subgrade where the roots are located.
Where the soil has been compacted by traffic that previously occurred, it may be nec-
essary to loosen the soil before placing new pavement material. The most severe com-
paction is usually within the top one inch of soil, so only surface loosening may be
necessary. Leveling of the rooting area should be done by building up low spots with
extra thickness of open-graded aggregate, not by excavating into high spots.

SPECIAL TREATMENT AT THE TREE BASE

The “root flare” or tree base requires special treatment. This is the area in the first
few feet around a trunk where thick roots radiate and divide outward while develop-
ing into buttresses to resist the tensile stress of the swaying superstructure. The tree
base is the area where most or all true lifting of pavements by roots seems to happen.
A tree base can grow outward twice as fast as the trunk at breast height. Figure 5.8
shows a base that has expanded far beyond the expectations of those who, years ago,
placed a tree and a sidewalk side by side. Outside the flare zone most roots are less
than 2 inches in diameter, long and rope-like (Urban, 2000).

A surprisingly large area must be set aside for the development of a mature tree
base. Flexible pavement materials like unbound aggregate and open-jointed blocks
can be placed in the zone and releveled or removed incrementally as the base
expands. If space is available for setting aside an area exclusively for the tree base,
then traffic can be excluded from it by fences, bollards, or fence-like arrangements
of benches or bike racks. However, if a fixed pavement is placed in a zone within
about 6 feet of the trunk, future structural conflicts between the pavement and the
growing tree are likely.
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Tree grates are bridge-like structures that carry traffic into a tree-base area in
place of a pavement. However, many models of tree grates present fixed obstructions
that can girdle and kill a tree as the base expands outward. Some other models allow

FIGURE 5.8 Base of a mature oak tree.

TABLE 5.9

Examples of Suppliers of Tree Grates, Tree Fences and Related Products

Supplier Contact Information
Alpha Precasts www.alphaprecasts.com
Balco www.balcousa.com

Canterbury International
Crescent Foundry

DuMor

Dura Art Stone

East Jordan Iron Works
Fairweather

Ironsmith

Litchfield Landscape Elements
NDS

Neenah Foundry

Petersen Manufacturing
Quick Crete Products
Structural Plastics

Syracuse Castings

Toronto Fabricating

Urban Accessories

Victor Stanley Inc.

Wabash Valley Manufacturing
Wausau Tile

www.canterburyintl.com
www.crescentfoundry.com
www.dumor.com
www.duraartstone.com
WWWw.ejiw.com
www.fairweathersf.com
www.ironsmith.cc
www.landscapeelements.com
www.ndspro.com
www.nfco.com
www.petersenmfg.com
www.quickcrete.com
www.plastictreegrates.com
Www.syrcast.com
www.tfmc.com
www.urbanaccessories.net
www.victorstanley.com
www.wabashvalley.com
www.wausautile.com
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the central opening to be enlarged by removal in sections. Metal grates have high
thermal conductivity; a hot grate might overheat a tree if the base grows into contact
with it. Table 5.9 lists examples of suppliers of tree grates, tree fences and related
products.

To permit roots to extend from a tree-base area into a rooting zone under the sur-
rounding pavement, the pavement’s edge should be free of continuous structural
footings that could obstruct root growth. A curb at the edge could be broad rather
than deep for stability. If a curb must be deeply seated, then its footing can be shaped
with gaps or root channels to allow roots to penetrate outward. Where a footing is
required for a tree grate, it could be made in the form of a series of piers rather than

as a continuous wall.

TRADEMARKS

Table 5.10 lists the holders of registered trademarks mentioned in this chapter.

TABLE 5.10

Holders of Registered Trademarks Mentioned in This Chapter

Registered Trademark Holder Headquarters Location
Alpha Precasts Knecht & Berchtold Brampton, Ontario
Amereq Amereq New City, New York
Balco Balco Inc. Wichita, Kansas

Canterbury International
Crescent Foundry

CU Soil

DuMor

Dura Art Stone

East Jordan Iron Works
Fairweather

Ironsmith

Litchfield Landscape Elements
NDS

Neenah Foundry

Petersen Manufacturing
Quick Crete Products
Structural Plastics

Syracuse Castings

Toronto Fabricating

Urban Accessories

Victor Stanley Inc.

Wabash Valley Manufacturing
Wausau Tile

Canterbury International
Crescent Foundry Company
Amereq

DuMor Site Furnishings
Dura Art Stone

East Jordan Iron Works
Fairweather Site Furnishings
Ironsmith

Litchfield Industries

NDS, Inc.

Neenah Foundry

Petersen Manufacturing Co.
Quick Crete Products
Structural Plastics Corp.
Syracuse Castings

Toronto Fabricating & Mfg. Co.

Urban Accessories

Victor Stanley Inc.

Wabash Valley Manufacturing
Wausau Tile

Los Angeles, California
Kolkata, Indiana

New City, New York
Mifflintown, Pennsylvania
Hayward, California

East Jordan, Michigan
Port Orchard, Washington
Palm Desert, California
Litchfield, Michigan
Lindsay, California
Neenah, Wisconsin
Denison, Iowa

Norco, California

Holly, Michigan

Cicero, New York
Mississauga, Ontario
‘Woodinville, Washington
Dunkirk, Maryland
Silver Lake, Indiana
Wausau, Wisconsin
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“Aggregate” is a generic term for any granular substance used as a construction
material. Together, numerous granular particles make an agglomerated mass. In this
book, and especially in this chapter, the term “aggregate” is used to refer to strong,
durable, granular materials such as crushed stone, natural gravel, crushed concrete,
crushed brick, and expanded-clay products. Other “soft” kinds of granular materials,
such as biodegradable mulches, will be covered in Chapter 13.

The use of aggregate in pavements is almost ubiquitous. Aggregate forms the
setting beds of paving blocks and grids, and fills their cells and joints. It forms the
base course in almost any pavement. It is the largest component of asphalt and con-
crete materials. It is the vital structural skeleton of “structural soils.” In some pave-
ments, it is used alone to form a pavement structure entirely of unbound aggregate
material.

Aggregate materials must be durable under the conditions to which they will be
exposed in service. The best source of information about the suitability of an aggre-
gate material for a particular application is the material’s carefully observed and
documented service record in the local conditions to which it will be exposed. In
the absence of proven local experience, laboratory tests provide predictive infor-
mation that can be compared with standard benchmarks. The American Society for
Testing and Materials (ASTM) maintains definitions and standards for aggregate
materials and their evaluative tests. Many state and local agencies, such as highway
departments, adopt ASTM’s conventions or replace them with locally applicable
variations. It is very valuable to find out what the local standards are for a given
project, and to refer to them to the greatest appropriate extent in specifying a
desired material.

This chapter introduces the important characteristics of aggregate materials and
their applications in surface and base courses.

GENERAL CHARACTERISTICS OF AGGREGATE MATERIALS

All granular materials have characteristics that are fundamental to the materials’
structural and hydrologic capabilities. Table 6.1 defines some terms that have par-
ticular application to aggregate materials.
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TABLE 6.1

Some Terms with Particular Application to Aggregate Materials

Term Definition

Aggregate Any mass of particulate material; in this book the term is used to refer
specifically to hard, durable, granular material

Bulk density Density of an aggregate mass including the empty void space between and

Bulk volume

Calcined

Crushed gravel
Crushed stone
Decomposed granite

Density
Durability

ESCS
Fines
Gravel

Limerock

Screening (sieving)
Screenings

Traprock

within aggregate particles

Volume of an aggregate mass including empty void space between and
within aggregate particles

Heated to drive off impurities and to alter physical and chemical properties

Rounded alluvial stone that has been crushed to produce partly angular particles

Mineral aggregate that has been crushed to produce angular particles

Naturally occurring granular product of the weathering of granitic rocks;
or, generically, almost any naturally occurring granular material

Weight per unit volume

Ability of a material to retain its original qualities or abilities over time,
withstanding conditions of service including load and weather

Expanded (calcined) shale, clay or slate

Fine (small) particles

Rounded river stone, or generically, any aggregate containing particles
larger than sand

Limestone

Sorting by size using a series of sieves

Aggregate material that has been separated out of an aggregate mass by
screening (sieving); the term is variously used to refer to either the larger
or the smaller particles so separated

Dark, hard, fine-grained igneous rock such as basalt

Angular particles

(a)
FIGURE 6.1

PARTICLE SHAPE

Round particles

(b)

Round and angular particle shapes.

For an aggregate mass to be structurally stable it is mandatory that the particles be
angular in shape. Figure 6.1 contrasts rounded and angular particles. Particles that
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have at least some planar faces interlock with each other to resist rotating and shift-
ing (Rollings and Rollings, 1996, pp. 50-51). In contrast, round particles like those
of river gravel rotate and slip past each other, so the material “gives” under a load.
Most commonly, the source material must be artificially crushed to produce
angular faces. The terms “crushed stone” and “crushed gravel” refer to mineral
aggregates that have been crushed at a processing plant. Crushed concrete and brick
can have similarly suitable angular shape. Surface roughness and cleanness (absence
of clays and other adhering matter) also help friction and binding among particles.

PARTICLE SIZE

The size of the particles in an aggregate influences the material’s porosity, perme-
ability, stability under traffic load, and accessibility to pedestrians. Table 6.2 lists
some units used to describe particle size.

Aggregate particle sizes are measured by passing the material through a series
of sieves. Particles smaller than a sieve’s apertures pass through; larger particles are
retained. A standard ASTM sieve has square apertures formed by a grid of wires.
Table 6.3 lists sieve opening sizes defined by ASTM. According to ASTM’s
convention, “coarse” aggregate is retained on openings of 1/4 inch and larger and its
size is designated in inches; “fine” aggregate passes through openings smaller than
1/4 inch and its size is designated by a sieve number or “gage.” Sieve number
increases with smaller opening size, because greater numbers of wires in a sieve’s
grid produce smaller apertures.

GRADATION

At processing plants, aggregate particles of different sizes are separated and some-
times selectively recombined to give an aggregate mass a desired range of sizes. An
aggregate’s combination of sizes, or gradation, is one of the most important deter-
minants of the material’s porosity, permeability, and stability under a load so it must
be explicitly specified in every project. Table 6.4 defines terms that portray the gen-
eral character of various types of gradation.

Quantitatively, gradation is expressed in terms of the percentage of the material’s
total mass that passes a series of sieve sizes. ASTM C 136 specifies test methods for
aggregate gradation.

Figure 6.2 contrasts four types of gradations in a chart. The horizontal axis is
sieve aperture size; the vertical axis is the proportion of the weight of the material that
passes each size. The values on the vertical axis are cumulative. On encountering

TABLE 6.2

Some Units Used to Describe Particle Sizes in Aggregate

Unit Equivalent units Equivalent units
1 um meter x 107¢ 0.000039 inch
1 mm meter x 1073 0.039 inch

1 inch 0.0254 m 25,400 ym; 25.4 mm
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TABLE 6.3

Opening Sizes of ASTM Standard Sieves (ASTM E 11)

ASTM Designation Sieve Opening Size (inch) Equivalent Size (mm)
Coarse openings
4 inch 4.0 100
31/2 inch 3.5 90
3 inch 3.0 75
21/2 inch 2.5 63
2 inch 2.0 50
11/2 inch 1.5 37.5
1 inch 1.0 25.0
3/4 inch 0.75 19.0
1/2 inch 0.5 12.5
3/8 inch 0.375 9.5
1/4 inch 0.25 6.3
Fine openings
No. 4 sieve 0.187 4.75
No. 5 sieve 0.157 4.00
No. 6 sieve 0.132 3.35
No. 8 sieve 0.0937 2.36
No. 10 sieve 0.0787 2.00
No. 12 sieve 0.0661 1.70
No. 16 sieve 0.0469 1.18
No. 20 sieve 0.0331 0.850 (850 um)
No. 30 sieve 0.0234 0.600 (600 um)
No. 40 sieve 0.0165 0.425 (425 pm)
No. 50 sieve 0.0117 0.300 (300 pm)
No. 60 sieve 0.0098 0.250 (250 pm)
No. 80 sieve 0.0070 0.180 (180 um)
No. 100 sieve 0.0059 0.150 (150 um)
No. 200 sieve 0.0029 0.075 (75 pum)
No. 400 sieve 0.0015 0.038 (38 um)
No. 500 sieve 0.0010 0.025 (25 pm)

similar graphs in practice, study them carefully: on some of them the horizontal and
vertical axes are the reverse of those in Figure 6.2, and some use logarithmic scales.

Any one point on one of the figure’s curves can be designated by the symbol D,,
in which D is the sieve size and x is the percentage of the weight that passes that size.
For example, on the open-graded curve Dy, is 0.36 inch. A combination of sizes on
a curve can be roughly characterized by a coefficient of uniformity, which is usually
the ratio D/D;,.

The open-graded curve in the figure is almost vertical, indicating a narrow range
of particle sizes. Most aggregates with a coefficient of uniformity less than about 2.0
or 2.5 could be considered relatively open-graded. The stability of an open-graded
aggregate comes from the interlock of the single-sized particles with each other,
especially along the flat faces of angular particles. Between the particles are open
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TABLE 6.4

Some Terms Describing General Character of Aggregate Gradations

Term Definition

Coarse-graded Dense-graded, with predominance of coarse (large) particles

Crusher run Crushed material that has not been screened (sorted) into selected sizes following
crushing; this is ordinarily a dense-graded gradation

C, Coefficient of uniformity, usually the ratio Dgy/D,,

Dense-graded Having a combination of particles of different sizes, such that the relatively small

particles fill the voids between the large ones, giving the aggregate mass low
porosity and permeability

D, The sieve size which x percent (by weight) of an aggregate mass passes

Fine-graded Dense-graded, with predominance of fine (small) particles

Fraction A separately collected portion of an aggregate mass, for example, after separation
by sieving for size

Gap-graded Of two distinct size ranges, with intermediate sizes substantially absent

Gradation Combination of particle sizes in an aggregate mass

Graded Dense-graded; well graded

Open-graded Single-sized or of a narrow range of sizes, such that the voids between particles
tend not to be filled by relatively small particles

Pit run Naturally granular material that is not screened (sorted) into selected sizes; this is

ordinarily a dense-graded gradation

Screenings Particles remaining after screening (sieving) for size; this term is sometimes used to
refer to the relatively small particles that pass the screen, and sometimes opp-
sitely to the coarse particles retained on the screen

Single-sized Of a single narrow range of size; open-graded
Stone dust Fine screenings
Top size Maximum particle size in a gradation; sometimes used to refer to a nominal max-

mum size such as the sieve size through which 90 percent of the material passes
Well graded Dense-graded; of a relatively balanced mixture of all particles sizes

Adapted from Webster (1997, pp. 13-14).

voids; the aggregate mass is highly porous, highly permeable, and well-drained. An
open-graded aggregate can be nonplastic and nonsusceptible to frost damage. For
these reasons decisively open-graded aggregate is a vital component in porous pave-
ments. In many applications it is advisable even to wash open-graded stone clean of
clinging fine particles which would clog some of the pores.

The dense-graded curve in the figure has a relatively sloping line, indicating a
continuous and more or less even range of sizes from small to large. There may be
sufficient large particles to interlock with each other, while fine particles pack the
space between them. Dense-graded aggregate can be very dense, slowly permeable,
and highly stable, although it may be frost-susceptible because of the retention of
moisture in its numerous small pores. Figure 6.3 contrasts how the particles in
dense-graded and open-graded gradations pack together into a mass.

The fine-graded and coarse-graded curves in Figure 6.2 represent dense grada-
tions with a predominance of, respectively, relatively fine and relatively coarse par-
ticles. Fine-graded aggregates tend to have comparatively little stability, because
the great amount of fines allows little direct interlock between the large particles.
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FIGURE 6.2 A graph illustrating aggregate gradation, with four hypothetical curves.

Open-graded

FIGURE 6.3 Packing of particles in dense-graded and open-graded gradations.

Fine-graded aggregates can be susceptible to frost action because the numerous
small pores retain moisture. They tend to be poorly aerated, poorly drained, and
slowly permeable. In contrast, coarse-graded aggregate can be stable.

A gradation can be custom-mixed to meet the requirements of any specific proj-
ect. However, it is most economical and convenient to select from the standard gra-
dations that local processing plants keep on inventory. Where gradation standards are
adopted by local agencies such as departments of transportation, aggregate suppliers
keep them in stock and make them readily available. Different standard gradations
are used for different types of materials. It can greatly expedite a project to find out
what the local standards are and to use them to specify gradations that will meet
project objectives. Applicable national standards will be described in later sections
of this chapter.
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POROSITY AND PERMEABILITY

In open-graded aggregates, as particle size increases, the voids between them enlarge
proportionately. According to one rule of thumb, the diameter of the voids is up to
onefifth the diameter of the particles. In dense-graded aggregate with numerous fine
particles, all void spaces are small.

In open-graded aggregates in which the particles have no internal pores, the total
porosity (ratio of void space to total volume of the material) does not vary measur-
ably with particle size; it is in a relatively constant range of 30 to 40 percent. The
exact value depends on the exact gradation of the material, particle shape, and degree
of compaction. Aggregates of extraordinarily uniform particle size have high porosi-
ties of 33 to 45 percent in which the highest values are associated with rigorously
angular particles and the lowest ones with rounded gravels (Shergold, 1953). If in
addition the aggregate particles have internal pores, the total porosity can be even
higher. At the other extreme, dense-graded aggregates have low porosities because
small particles fill the space between large particles. ASTM C 29 specifies standard
tests for void space.

The permeability of an aggregate comes partly from its total porosity, and partly
from the size of the individual voids. Table 6.5 lists approximate permeabilities of a
few general gradations. Open-graded aggregates have high permeabilities because they
have both high porosity and large individual voids. The permeability of a clean, coarse,
open-graded aggregate is surely the highest of any of the pavement materials described
in this book. ASTM D 5084 specifies standard tests for aggregate permeability.

The runoff coefficients of open-graded aggregate surfaces have not been directly
measured. The very high permeability of open-graded aggregate materials suggests
that the values need not be higher than those for turf.

BEARING STRENGTH

The bearing strength of an aggregate mass comes from a combination of the resistance
of particles to crushing, and the interlock of particles with each other. The California
Bearing Ratio (ASTM D 1883), which was described in Chapter 3, compares the
strength of an aggregate material to that of a standard (very strong) aggregate. Values
above 40 or 50 are adequate for most base-course materials, and are commonly
attained by durable, angular, open-graded material. Open-graded materials get their

TABLE 6.5

Approximate Permeabilities of Aggregate Materials

Gradation Permeability, inches per hour
1 inch aggregate (uniform size) 25,000

1/2 inch aggregate (uniform size) 7500

1/4 inch aggregate (uniform size) 1250

Coarse sand 50

Dense-graded sand and gravel 0.25

AASHTO (1985, p. AA-18).
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strength from the interlock of particles with each other, especially along the planar
facets of angular particles. Dense-graded materials get their strength from some com-
bination of particle interlock and the packing of particles around each other.

MINERAL AGGREGATE MATERIALS

Most aggregate materials are natural mineral matter. The mineral aggregate-produc-
ing industry is huge: the U. S. produces about two billion tons of crushed stone each
year, and another 1.2 billion tons of sand and gravel (Bolen, 2002; Tepordei, 2002).
There are mineral aggregate suppliers in every region where there are construction
activities of any kind. Mineral aggregates are not expensive to produce, so by default
in some locales transportation is a large part of the material’s delivered cost (Huhta,
1991, p. 2-2). Local suppliers can be identified from local business and telephone
directories, or from the member lists of state aggregate industry associations. Links
to many state industry associations are maintained by NSSGA (www.nssga.org).

The characteristics of locally available mineral aggregates vary with geology.
Potential natural sources are rock quarries, alluvial gravel deposits, and surficial for-
mations such as caliche and decomposed granite. Of the crushed stone produced in
the U.S., 71 percent is limestone and dolomite; 15 percent is granitic rock; the
remainder is mostly traprock, sandstone, marble, and quartzite (Huhta, 1991, pp. 1-4;
Rollings and Rollings, 1996, p. 45; Tepordei, 2002). Porous aggregate particles can
be obtained from naturally porous rocks such as pumice and tuff, but commercial
availability of such materials is rare in North America. Most of the pumice is pro-
duced in the western states; an example of a producer is Sierra Cascade of Oregon
(www.sierracascadellc.com).

Each potential source material must be evaluated individually because, even
within a given classification of rock, the quality varies from region to region and
from quarry to quarry. Granite, hard sandstone, hard limestone, and traprock can
make some of the strongest and most durable aggregate. On the other hand, some
soft varieties of limestone make poor aggregate because they crush easily and dete-
riorate in the presence of water.

Those seeking further information on mineral aggregates are referred to the
National Stone, Sand and Gravel Association (www.nssga.org), the association’s
Aggregate Handbook (Barksdale, 1991), and Rollings and Rollings’ (1996)
overview.

STANDARD GRADATIONS OF MINERAL AGGREGATE

The American Society of Testing and Materials (ASTM) quantitatively defines stan-
dard gradations for typical pavement construction in D 448, Standard Classification
for Sizes of Aggregate for Road and Bridge Construction (the gradations listed in
ASTM C 33, Standard Specification for Concrete Aggregates, are identical). These
gradations are adopted in the standard specifications of many state departments of
transportation.

Table 6.6 lists several of ASTM’s open-graded gradations. ASTM D 448 desig-
nates each gradation by a number (gradation numbers should not be confused with
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TABLE 6.6
Some ASTM Standard Gradations for Mineral Aggregate

Percent (By Weight) Passing Sieve

Sieve Size ASTM ASTM ASTM ASTM ASTM
Designation  (inches) No. 4 No. 5 No. 57 No. 6 No. 67
2 inch 2.0 100
1.5 inch 1.5 90 to 100 100 100
1 inch 1.0 20 to 55 90 to 100 95 to 100 100 100
3/4 inch 0.75 Oto 15 20 to 55 Not specified 90 to 100 90 to 100
1/2 inch 0.5 Not specified 0 to 10 25 to 60 20 to 55 Not specified
3/8 inch 0.375 Oto5 Oto5 Not specified 0 to 15 20 to 55
No. 4 sieve  0.187 0to 10 Oto5 0to 10
No. 8 sieve  0.0937 0to5 Oto5

No. 16 sieve  0.0469
No. 50 sieve 0.0118
No. 100 sieve 0.0059

ASTM ASTM ASTM ASTM ASTM ASTM

No. 7 No. 78 No. 8 No. 89 No. 9 No. 10
2 inch 2.0
1.5 inch 1.5
1 inch 1.0
3/4 inch 0.75 100 100
1/2 inch 0.5 90to 100 90 to 100 100 100
3/8 inch 0.375 40t070  40to 75 85t0 100 90to 100 100 100
No. 4 sieve  0.187 0to 15 5to 25 10 to 30 20 to 55 8510 100 85 to 100
No. 8sieve  0.0937 Oto5 0to 10 0to 10 5t0 30 10to 40  Not specified
No. 16 sieve  0.0469 0to5 Oto5 0to 10 0to 10 Not specified
No. 50 sieve  0.0118 Oto5 Oto5 Not specified
No. 100 sieve 0.0059 10 to 30

(ASTM D 448).

ASTM’s gage numbers for individual particle size.) The first digit represents the gen-
eral particle size; a one-digit number represents a very open-graded gradation with a
narrow range of sizes. Where second and third digits are present, the composite num-
bers represent blends of, or gradations between, the single-size gradations.

Figure 6.4 illustrates three D 448 gradations. It shows that the range of contents
allowable within each of ASTM’s gradations is defined by two bounding lines. The
steep bounding lines of No. 6 and No. 7 indicate open-graded gradations. The
intermediate No. 67 gradation has proportionally more large particles than No. 7,
more small particles than No. 6, and a broader range of allowable quantities for all
particle sizes. Although No. 67 is not as open-graded as the narrow No. 6 and No. 7,
it is still considered relatively open-graded. Some aggregate plants make two-digit
gradations more available than the strict single-digit gradations because it is easier
to produce material with the two-digit range of tolerance.
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FIGURE 6.4 Combination of ASTM gradation numbers 6 and 7 to make number 67 (data
from ASTM D 448).

DURABILITY OF MINERAL AGGREGATE

Aggregate must resist abrasion in order not to become rounded and lose its stabiliz-
ing interlock of particles, and in order not to generate fine particles that could clog
pores or generate dust. It must also resist deterioration in freezing weather: when
water freezes it expands; repeated freezing in the micropores of aggregate particles
could weaken or crack the particles.

The “Los Angeles” test evaluates resistance to abrasion. It simulates impacts that
an aggregate might experience during processing and placement or, to a lesser
extent, under traffic (ASTM C 131 and C 535; Rollings and Rollings, 1996, pp.
159-160). It involves rotating a sample of aggregate particles with steel balls in a
revolving drum (the test is sometimes referred to as the “Los Angeles rattler”). The
result is expressed as the percentage of material that was chipped away as fine par-
ticles smaller than the No. 12 sieve. It is a rigorous test; some aggregates degrade
more in this test than they do under actual construction and traffic conditions. A test
result of up to 30 or 40 percent is considered satisfactory for many pavement appli-
cations. Aggregates that will be used in a base course and out of contact with traffic
are sometimes allowed to have losses as high as 50 percent. The results are most use-
ful when they are correlated with local construction experience.

The “magnesium sulfate” test evaluates soundness in severe weather. It simu-
lates expansive forces that an aggregate might experience during freezing of water
(ASTM C 88; Rollings and Rollings, 1996, p. 160). Before the test, the gradation of
an aggregate sample is precisely analyzed. Then the sample is subjected to repeated
cycles of immersion in a saturated solution of magnesium sulfate (or, alternatively,
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sodium sulfate) during which salt crystals form in the aggregate particles’ internal
pores. After each immersion the sample is oven-dried. Upon each re-immersion the
growth of the salt crystals generates expansive force like that of the expansion of
water on freezing. After this artificial “weathering” the particles are again analyzed
for size, and their gradation is compared with that form before the weathering cycles.
The difference indicates the degree to which the aggregate has fractured into smaller
particles. The loss of weight to smaller size categories is reported as a percentage of
the aggregate’s total dry weight. However, the result is considered only a “prelimi-
nary estimate” of soundness during freezing and is not considered superior to the
service record of a material exposed to actual weathering conditions.

The American Association of State Highway and Transportation Officials
(AASHTO) has a test that evaluates an aggregate’s durability under freezing and
thawing more directly (Rollings and Rollings, 1996, p. 160). AASHTO’s test T103
is like the magnesium sulfate test, except that cycles of freezing are used rather than
cycles of salt-crystal growth. Degradation is reported as the percentage (by weight)
of aggregate material that degraded to smaller sieve sizes as a result of chipping and
breaking during freeze-thaw cycles.

SPECIFICATIONS FOR MINERAL AGGREGATE

Specifying a mineral aggregate material can be simple, but it must be done knowl-
edgeably and completely in order for the resulting pavement structure to have the
intended porosity, permeability, and durability.

On the national level, the only ASTM standard that specifies any desired char-
acteristics for unbound mineral aggregate is D 2940, Standard Specification for
Bases or Subbases for Highways or Airports. Unfortunately, it anticipates the use of
unbound aggregate only in dense, impervious gradations, which are useless in most
porous pavements. It requires that coarse aggregate should consist of durable angu-
lar particles of crushed stone, gravel, or slag capable of withstanding the effects of
handling, spreading, and compacting, but does not cite the Los Angeles test or any
other definite measure of resistance to abrasion, nor any test for durability in freeze-
thaw conditions.

In almost any region, aggregate suppliers are organized to supply materials
meeting local department of transportation (DOT) standards, so it is very useful to
get to know those standards. The Federal Highway Administration maintains links
to state specifications at its National Highway Specifications web site (accessible
through www.fhwa.dot.gov). One should get to know which of the DOT-specified
materials are open-graded and have the durability and other characteristics necessary
for specific types of applications.

In many regions, material of measured durability is marketed in reliably open-
graded gradations. In those regions, specifications need do little more than refer to
the applicable DOT or other standards for gradation and durability. A designer who
specifies one of those categories for a local project works within a known and estab-
lished system to meet project objectives.

But in equally as many regions commonly marketed aggregate products include
densely graded or nondurable products that are hostile to the purposes of porous
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pavement. Customary references to these locally well-known materials are insuffi-
cient; project specifications must overcome local conventions to obtain material that
will satisfy project objectives. In the absence of appropriate local standards, one
must write one’s own requirements for gradation and durability. The following para-
graphs give examples of regionally available materials that could cause confusion or
failure in porous pavement specification.

In California and other southwestern states “decomposed granite” tends to be
sold, when not specified otherwise, as a naturally dense-graded mixture of particle
sizes. Decomposed granite is a naturally occurring granular product of the weather-
ing of granitic rocks; geologists refer to the material as “grus” (Wagner, 1991). The
same term is also used generically to refer to an uncontrolled variety of aggregate
materials, without pinning down the durability and angularity that a load-bearing
aggregate ought to have. A project in California must explicitly and quantitatively
specify for its aggregate an open-graded gradation and measurable durability in
order not to obtain dense-graded material with low porosity, low permeability, and
of unknown stability.

In Florida “limerock” tends to be sold, when not specified otherwise, as a natu-
rally soft material with very low durability. A project in Florida must explicitly spec-
ify measurable durability in order not to obtain material that can turn in a few years
to dust and mud.

In the southeastern Piedmont region “crusher run” is widely marketed in its nat-
urally occurring dense gradation. “Crusher run” and “pit run” refer to any mixtures
of particles that emerge from quarries or processing plants without any sorting for
size. The quantitative content of particle sizes is ultimately uncontrolled because the
terms have no fixed quantitative meaning. A project in the Piedmont must explicitly
specify a quantitatively defined open-graded gradation in order not to obtain mate-
rial that will be effectively impervious as soon as it is placed and compacted.

In the midwestern states “graded aggregate base” is widely installed in the form
of dense-graded aggregate material. A project in the Midwest must explicitly and
quantitatively specify an open-graded gradation in order not to obtain material that
will be essentially nonporous and impermeable.

In the northeastern states “pea gravel” is widely marketed in the form of natu-
rally rounded river gravel. In the Northeast, a project must explicitly specify angu-
lar particles in order not to receive rounded material that is unstable under traffic.

Most narrowly, the term “gravel” refers to rounded river stone; the term is also
used informally to refer to almost any aggregate. Unprocessed river gravel can be
low in cost. But crushing at a processing plant is almost always necessary to turn
river gravel into particles angular enough to form a stable structure. A definite spec-
ification must call for crushed gravel, crushed stone, or other specifically angular
material in order not to obtain material that rolls and shifts under a load.

ESCS AGGREGATE MATERIALS

Aggregates of expanded shale, clay and slate (ESCS) are made by firing lumps of
shale, clay, or slate at high temperature in a kiln. Hot gases create air pockets in the
material; the material “bloats” to 1.5 to 2 times its original size. The fired (calcined)
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product is a stable, strong ceramic material. It may be crushed to make angular par-
ticles, and sorted for size. The particles are hard and durable; their surfaces are rough.

ESCS differs importantly from most mineral aggregates in that it is highly
porous. Like other aggregates the void spaces between particles amount to 30 to 40
percent of the aggregate’s bulk volume. In addition, the particles’ internal pores add
approximately another 10 percent to the material’s total porosity. The combination
can make the material’s total porosity approach 50 percent.

ESCS is well-known as an aggregate in concrete (ASTM C 330 and C 331)
where its pores make it light in weight for bridges and tall structures. It is also well
known among horticultural planting media (ASTM 5883), where its pores give it
aerating and water-holding capabilities which most mineral aggregates do not have.
Some ESCS products even have nutrient-holding capacities akin to those in natural
soil. ESCS is a distinctive component of some of the tree-rooting mixtures described
in Chapter 5.

The availability and cost of ESCS aggregate vary from region to region with the
proximity of producing plants. However, the light weight of the material reduces the
cost of transportation to some project sites, so cost relative to other types of aggre-
gate is always project-specific.

The variety of ESCS products have different geologic origins, varying produc-
tion processes, and different physical and chemical properties in the finished prod-
uct. Each must be evaluated individually for its ability to meet the needs of a given
project. ASTM C 330 and C 331 specify standards for ESCS aggregate. Although
those documents anticipate the use of the aggregate in lightweight concrete, their
provisions for sizing and durability are useful for unbound applications in porous
pavements as well.

Table 6.7 lists examples of suppliers of ESCS aggregate. Further companies can
be identified through the membership list of the Expanded Shale, Clay and Slate
Institute (www.escsi.org). The institute also has further information on ESCS aggre-
gates in general.

TABLE 6.7

Examples of Suppliers of ESCS Aggregate

Company Products Contact Information
Arkalite Lightweight aggregate www.generalshale.com
Big River Industries Gravelite www.bigriverind.com
Buildex Lightweight aggregate www.buildex.com
Carolina Stalite PermaTill www.permatill.com
Carolina Stalite Stalite www.stalite.com
Garick HydRocks www.hydrocks.com
Lehigh Cement Company Lelite www.lehighcement.com
Norlite Norlite www.norliteagg.com
Northeast Solite Northeast Solite www.nesolite.com
Profile Products Profile www.profileproducts.com
Solite Solite www.solitecorp.com

Tri-Texas Industries Expanded shale and clay WWW.txi.com
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STANDARD GRADATIONS OF ESCS AGGREGATES

ASTM C 330 specifies the standard gradations for ESCS aggregates listed in Table 6.8.
Their steep curves in Figure 6.5 show that they are open-graded. They are not precisely
the same as any of the open-graded gradations for mineral aggregate specified in
ASTM D 448. ESCS suppliers tend to keep the C 330 gradations in stock, and to refer
to them as “1 inch,” “3/4 inch,” and “1/2 inch.”

DURABILITY OF ESCS AGGREGATES

ESCS aggregates should stand up to abrasion and weathering as should mineral
aggregates. Most of the provisions in ASTM C 330 apply to the lightweight concrete

TABLE 6.8
Coarse Open-Graded Gradations Specified for ESCS Aggregate in ASTM C 330

Percent (By Weight) Passing Sieve

Sieve Size 1 inch to No. 4 3/4 inch to No. 4 1/2 inch to No. 4
Designation  (inches)

1 inch 1.0 95 to 100 100

3/4 inch 0.75 Not specified 90 to 100 100

1/2 inch 0.5 25 to 60 Not specified 90 to 100
3/8 inch 0.375 Not specified 10 to 50 40 to 80
No. 4 sieve  0.187 0to 10 Oto 15 0to 20
No. 8 sieve  0.0937 0to 10

100

90
80
70
60
50
40+

30

Percent passing (by weight)

20

T T T T T T
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FIGURE 6.5 Gradations specified for ESCS aggregate in ASTM C 330.
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in which ESCS aggregate might be used, and not to the aggregate itself. For use as
unbound material in pavements, one can also evaluate an ESCS aggregate for resist-
ance to abrasion using the Los Angeles test, and to soundness using the magnesium
sulfate test. Some ESCS suppliers supply test data for their products using these
tests, and their products show excellent durability.

The porosity of ESCS particles invites a logical question about their durability
in freezing and thawing. The pores harbor internal moisture; when the water freezes
it might concentrate destructively expansive force on the surrounding material.
However, the high performance of many ESCS materials in the magnesium sulfate
test indicates that this is not what happens. Apparently the same pores that hold
moisture also provide relief for pressure when the water freezes. Ice crystals expand
in the direction of least resistance, through the pores and out to the particle surface.
Where pressure develops in more confined pockets, the great strength of the ESCS
solid material resists fracturing.

RECYCLED AGGREGATE MATERIALS

Recycled aggregate materials have the environmental benefit of low consumption of
natural materials. However, like any other aggregates they must be specified and
evaluated for their gradation and durability as necessary to meet a project’s objec-
tives. Some salvaged materials are available through recycled-materials exchanges
like those listed in Table 6.9.

Crushed brick and crushed vitrified clay come from the plants that make bricks
and vitrified-clay products. The plants discard chipped, deformed, or otherwise
unwanted products, and crush them for use as aggregate. Their particles can be sta-
ble, inert, angular, and strong. They are low in cost within a limited distance of the
plants where they are produced. However, the plants where they originate may not
keep standard open-graded gradations on stock; instead they keep only “crusher-
run” material which is likely to be dense-graded; in these cases the material may
require special sorting for size.

In many locales, concrete rubble becomes available from time to time from dem-
olition activities. Its particles can be very strong and angular. However, concrete
aggregate must be sorted for size to produce porosity and permeability, like other
aggregate; without sorting it may have a great amount of very fine material. It is

TABLE 6.9
Examples of Sources of Information on Availability of Demolition Debris and
Other Recycled Materials

Source Contact Information
California Integrated Waste Management Board www.ciwmb.ca.gov
King’s Material www.kingsmaterial.com
Recycle.net http://build.recycle.net
Recycler’s World www.recycle.net

Used Building Materials Association www.ubma.org
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capable of leaching out alkalinity which could disrupt the health of nearby plants and
trees. Concrete aggregate has the capacity to recement itself into a solid mass. It
may be susceptible to abrasion. Both leaching and recementing may be minimized,
but not eliminated, by using strictly only coarse, single-sized material, the particles
of which have low surface area exposed to weather.

Regional heavy industries such as those of iron and steel generate scoria or slag
as an industrial by-product. The particles can be distinctively porous. Many slag sup-
pliers stockpile materials in ASTM D 448 standard gradations. The use of slag as an
aggregate in pavement construction is anticipated in ASTM D 2940, Standard
Specification for Graded Aggregate Material for Bases or Subbases for Highways or
Airports. However, the material may leach chemicals that are undesirable in soils or
aquifers. Some slag particles are subject to expansion with changes in moisture. For
projects where expansion would disrupt an overlying surface course, slag aggregate
must be obtained from a source known to have a satisfactory service record, or
should have low expansion when tested with an expansion test such as that of ASTM
D 4792. Further information is available from the National Slag Association
(www.nationalslagassoc.org).

POROUS AGGREGATE SURFACES

Fortuitously, open-graded aggregate tends to combine in a single material the highest
permeability and the lowest cost of almost any pavement surfacing material. Aggregate
is extremely simple to install and to maintain. An aggregate surface directly bears a
traffic load and the traffic’s forces of abrasion and displacement. The surface must be
made of suitable material, placed in an appropriate setting, and correctly installed.

APPROPRIATE SETTINGS

Because unbound aggregate can be displaced, it is appropriate only in very low-traf-
fic settings such as pedestrian walkways and plazas, residential driveways, lightly
used parking stalls, long-term parking such as that of seasonally used recreational
vehicles, and platforms for fixed equipment such as electric substations. It should not
be used where vehicles move or turn frequently or rapidly. Heavy traffic would push
unbound particles out of tire tracks and toward the periphery of the surface, building
up into “waves” on the pavement surface.

Unbound aggregate is distinctively appropriate in environmental conditions that
could deform a pavement structurally, including swelling subgrade soil, deep winter
freezing, growing tree roots, and uncompacted subgrade. Unbound aggregate is
loose and adaptable to gentle movement, and when necessary it is easy to relevel.
Consequently, these environmental conditions can usually be disregarded in the
design of unbound aggregate surfaces (AASHTO, 1993, p. II-11).

Aggregate is not suited to steep pavement surfaces; a steep slope aggravates
displacement under any surface force. The exact gradient at which displacement
could begin depends on particle density, shape, and gradation, and the magnitude of
the displacing force. Thompson (1991, pp. 11-64) suggested 3 percent as an upper
limit of tolerance.
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Aggregate can be used in the dense shade of trees, unlike living turf which can
be suppressed by dense shade.

In settings that will be snow-plowed in the winter, unbound aggregate should be
used only where plowing will be done carefully; careless plowing can gouge and
abrade an aggregate surface. Attachment of skids or rollers to keep the blade an inch
above the surface can prevent displacement. When necessary, displaced material is
easily returned to its place.

Although the places where unbound aggregate surfacing can be appropriately
used are small in scale and geographically fragmented, they are numerous in urban
areas. They add up to a substantial total area that is available for this type of envi-
ronmental restoration.

APPROPRIATE SURFACE MATERIALS

For an aggregate surface to be porous and permeable, a strictly open-graded (single-
size) gradation is mandatory. For the surface to be stable under traffic it is vital that
the particles be of durable material and angular in shape.

The open-graded ASTM numbers 57, 67, 78, 89 and 10 encompass a range of
sizes that could reasonably be selected for use in aggregate surfaces. They typically
have 30 to 40 percent porosity and good permeability.

Larger sizes such as 57, 67 and 78 have particles up to about 1 inch in size. Their
large open pores produce very rapid permeability and very little susceptibility to
clogging.

On the other hand, smaller sizes such as 89 and 10 make rather smooth surfaces
that are easy to walk on, while not lacking in permeability. For this type of advan-
tage, Thompson (1991) suggested the nonstandard gradation listed in Table 6.10,
which is just slightly larger than ASTM No. 10. Only small gradations should be
used where universal accessibility is required.

The effects of durable open-graded aggregate surfaces are completely unlike
those of historical or contemporary dense-graded surfaces. In the early part of the
twentieth century, dense-graded aggregate was used for auto roads. Clay and other
fine particles were deliberately added to the mixture for cohesion and to fill voids for
dense compaction. Dense-graded aggregate is still used today in low-cost rural
roads. Dense-graded material produced the notorious dust of early rural roads

TABLE 6.10
Gradation for Aggregate Walking and Parking Surfaces Suggested by Thompson
Sieve Designation Particle size, inch Percent Passing Sieve
1/2 inch 0.5 100
3/8 inch 0.375 90 to 100
No. 4 0.187 75 to 90
No. 16 0.0469 20 to 40
No. 100 0.0059 10 to 20
No. 200 0.0029 5t 15

1991, pp. 11-63-11-64.
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(Hewes, 1942, p. 317) and is subject to impervious surface crusting (Ferguson, 1994,
pp. 188—189). The addition of fine particles was arguably an attempt to “push” low-
cost aggregate surfacing into applications beyond its natural traffic-carrying capac-
ity. For open-graded angular material under very low traffic loads such as those in
driveways, walkways, and parking stalls, the old clay binder is structurally unneces-
sary. The omission of the binder eliminates a source of dust, leaves void spaces open
for high permeability, and makes the material nonsusceptible to frost heave.

AASHTO M 147, Standard Specification for Materials for Aggregate and Soil-
Aggregate Subbase, Base and Surface Courses, specifies several possible gradations
for use in surface courses. Unfortunately, they are all relatively dense-graded; porosity
and permeability are evidently not among their purposes. For all of them it specifies
durability and stability in general but useful terms: composition, durability in freezing
and thawing, and wetting and drying, durability in wearing, and liquid limit.

PLACEMENT OF AGGREGATE MATERIAL

The subgrade under an aggregate pavement seldom needs to be compacted.
Foregoing subgrade compaction preserves the soil’s permeability and root habitat.
Unbound aggregate is adaptable to movement of soft, uncompacted soil. On certain
subgrade soils a geotextile is necessary to separate the soil from the aggregate, as
described later in this chapter.

Whether or not the subgrade is compacted, compaction of the aggregate mate-
rial as it is placed in “lifts” is useful. Compaction settles the particles into place so
they resist rutting and displacement under traffic.

At the edges, many aggregate installations require firm edge restraints or clear
edge markers to prevent traffic from deforming the edge. (Alternative edge treat-
ments were described in Chapter 3.)

STABILIZATION OF AGGREGATE SURFACES

Small quantities of stabilizing binders are sometimes added to aggregate surfaces to
inhibit particle displacement. Small amounts of Portland cement bind particles
together, making in effect a thin form of porous concrete.

Table 6.11 lists some additional aggregate binders. Some are organic psyllium
which when wetted semiharden to a consistency like that of asphalt. Some are emul-
sions of pine rosin which harden with evaporation of the water carrier. Some are
polymer emulsions which cure into water-insoluble binders. All these products are
useful in certain circumstances because their transparency leaves a naturalistic
appearance, and because they do not require the same equipment that is needed for
installation of asphalt or concrete (Gourley, 2001; Keating, 2003). However, there
are no known installations of these products with clearly open-graded aggregate, and
the manufacturers of some of them have stated that their products are in fact intended
for use with dense-graded aggregate. Therefore, the resulting pavement material can-
not be considered significantly porous and permeable.

Battle Road Trail in Minuteman National Historic Park, Massachusetts, illus-
trates a combination of effects of one of the binders (Hammatt, 2002). Figure 6.6
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TABLE 6.11

Examples of Aggregate-Stabilizing Products

Porous Pavements

Product Manufacturer Contact Information
Envirotac Environmental Products and http://envirotac.com
Applications
PaveCryl Rohm and Haas www.rohmhaas.com
Penzsuppress American Refining Group WWW.pennzsuppress.com
PolyPavement PolyPavement www.polypavement.com

Road Oyl (Resin Pavement)
Soil-Sement

Stabilizer

T-NAPS

Soil Stabilization Products
Midwest Industrial Supply
Stabilizer Solutions
George L. Throop Co.

WWW.SSPC0.0rg
www.midwestind.com
www.stabilizersolutions.com
WWW.t-naps.com

FIGURE 6.6 Stabilized aggregate trail in Minuteman National Park, Concord, Massachusetts.
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shows the trail a year or two after installation. The surface is a dense-graded mixture
of crushed stone and sand bound with Stabilizer. There is no visible structural edg-
ing. The trail carries more than a million walkers and bikers per year. It is not plowed
for snow removal. The surface’s structural condition is excellent: it is smooth, with
no significant erosion, no spalling of stabilized patches, and no cracking, heaving, or
displacement. It is firm and regular for walking on, and is considered universally
accessible. The appearance of the trail’s local aggregate materials is compatible with
the park’s historic and natural setting. The permeability is low but positive. Polished-
looking, fine-textured patches result from the imperfect mixing of material, and sub-
sequent traffic compaction and surface washing.

MAINTENANCE OF AGGREGATE SURFACES

An aggregate surface has low maintenance requirements, when located in an
appropriately low-traffic setting and made of appropriately open-graded, angular,
durable material. When maintenance is required, the causes for it should be under-
stood before any action is taken in order to avoid unnecessary difficulties and recur-
ring costs.

Particle displacement occurs where vehicles make sharp turns at high speed
(AASHTO, 1993 p. II-12) or where the surface is carelessly snowplowed. The result-
ing uneven surfaces can be releveled by raking. Where a significant amount of
aggregate is lost beyond the edges of a pavement, the material will need to be
replaced. On some sites the control or redirection of vehicles may reduce displace-
ment by traffic. Snowplowing displacement can be reduced by attaching rollers or
skids to a plow blade to keep it 1/2 inch or more above the surface (Keating, 2001).

Over time slow-moving traffic can realign surface particles, without displacing
them, into visibly flattened and compacted tracks. Compacted tracks are more stable
but less permeable than adjacent uncompacted areas. As long as the compacted areas
are limited to narrow tracks they do not detract from a surface’s overall hydrology,
because any runoff migrates quickly to adjacent uncompacted areas and infiltrates
into open voids, whence it spreads throughout the aggregate mass (Ferguson, 1994,
p. 189). However a compacted track may be a cosmetic concern, as the surface no
longer presents a uniformly textured plane. Appearance and permeability can be
restored by loosening the surface with a rake.

Where traffic has produced fine particles by grinding aggregate, surface runoff
can wash the fine particles into polished-looking, slowly permeable crusts in low
spots. The crusting is typically within the top inch of material. Appearance and per-
meability can be restored by excavating the surface layer of material and replacing
it with fresh open-graded material. Where this kind of maintenance is required, it
may be a sign that the original aggregate material was too dense-graded or not
durable enough to withstand the traffic, and stronger or more decisively open-graded
material should be considered for replacement.

Weed seeds can lodge in the interstices of an aggregate surface, where they can
sprout if there is enough moisture, as there may be in shady areas or areas of irriga-
tion overspray. Spreading lawn grasses can encroach onto an aggregate surface from
the side. In little-used peripheries of an aggregate surface there is little abrasion by
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traffic to set back incipient vegetation. Weeds can be suppressed with herbicide; but
herbicides ought to be applied only in the zones where weeds are actually seen to
occur. In settings that are sensitive to the cosmetic effect of incipient weeds, weed-
ing along the edges might be necessary two or more times per year. In open areas the
naturally droughty character of open-graded aggregate suppresses most vegetation.

POROUS AGGREGATE SURFACES IN PEDESTRIAN PLAZAS

Unbound aggregate is useful in plazas with a wide range of pedestrian traffic.
Pedestrian settings can use a great variety of open-graded aggregate materials. Many
pedestrian plazas include trees rooted in or below the aggregate layer.

WELLS-LENNY OFFICE, CHERRY HiLL, NEW JERSEY

The Wells-Lenny Office in Cherry Hill, New Jersey exemplifies the use of porous
aggregate surfacing in immediate proximity to a small building. Figure 6.7 shows the
aggregate courtyard adjacent to an “underground” building with its floor level 7 feet
below the ground. Architect Malcolm Wells installed the office and its courtyard
in 1974 (Wells, 1974); as of 1996 it was occupied by real estate appraiser Michael
J. Lenny.

The aggregate is crushed limestone about 1 inch in size. A visit 22 years after it
was installed showed that, the aggregate surface had settled slightly relative to the
building and pedestrian traffic had compacted a relatively flat-looking central track.
The entire surface was very easy to walk on. The addition of an inch of new aggre-
gate would be sufficient to restore the original surface level.

The porous surface infiltrates the rain falling directly into the courtyard, and
additional water dripping slowly from the building’s earth-covered “green roof” long
after storms are past. The subgrade is sandy. Drip and shading make this a slightly
moist environment, where some weeds sprout in the aggregate’s voids and some
moss and algae occupy aggregate particles in the particularly moist area beneath the
roof’s drip line. A surface drainage inlet is present, but has evidently never been
called into use; the courtyard shows no evidence of standing surface water. Despite
the integration of the courtyard with the structure, no complaints concerning foun-
dation problems or interior moisture have been reported.

HERTY MALL, ATHENS, GEORGIA

Walkways on Herty Mall in Athens, Georgia exemplify the use of crushed-brick
aggregate. The mall was constructed on the University of Georgia campus in 1999.
Its central location draws heavy pedestrian traffic and occasional events. Figure 6.8
shows the aggregate walks separated from adjacent lawns and planting beds by
raised granite curbs.

The red crushed brick came from a regional brick manufacturer who crushed
scraps from the manufacturing process into aggregate (Scott Beveridge, personal
communication 2002). The cost was comparable to that of other decorative aggregates;
transportation from the source in North Carolina was a substantial part of the cost.
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FIGURE 6.7 Aggregate courtyard at the Wells-Lenny Office in Cherry Hill, New Jersey.

The material was not sorted by size. It consists of angular particles up to about
3/8 inch in size. Despite the dense gradation the surface is permeable; most rainwa-
ter infiltrates into it. Compacted clay subgrade is the limiting layer for infiltration.
Small surface drainage inlets along the paths receive runoff during prolonged rains
that fill the material’s void space to overflowing.

The loose aggregate surface does not invite rapid walking, so pedestrians tend to
stay on dense concrete paths paralleling the plaza. Nevertheless, the traffic on the
aggregate walkways is heavy enough to compact the center of each path and displace
loose particles to the sides after a few days’ heavy use.

The ends of the paths meet flush with dense concrete walkways. Particles of aggre-
gate are commonly scattered onto the concrete, where they become an annoyance for
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FIGURE 6.8 Crushed brick walkway on Herty Mall, Athens, Georgia.

walkers. Adding a gently sloping ramp at each intersection might confine the particles
to their proper place in the plaza.

STEELHEAD PARK, LOS ANGELES, CALIFORNIA

Steelhead Park on Riverside Drive in Los Angeles, California exemplifies the use of
decomposed granite. Steelhead is one of a string of “pocket parks” along the Los
Angeles River Greenway sponsored by the Santa Monica Mountains Conservancy
and other agencies. Other segments of the greenway built with similar materials are
Zanja Madre Park, Rattlesnake Park, and the Anza Picnic Area (Gustaitis, 2001).

Figure 6.9 shows the park. The decomposed granite has a small top size and
is rather dense-graded. The particles are angular. The material directly under the
trees, where traffic is not expected, is unbound; in these areas the permeability is
moderate.

The decomposed granite in the traffic areas, away from the trees, is bound by
Stabilizer, a clear, organic binder. The permeability is lower than that in the unbound
areas, but still positive. Visually, the stabilized and unstabilized areas are indistin-
guishable except that the surface of the stabilized material appears more uniformly
level and packed-down than the unstabilized, untrafficked material.

POROUS AGGREGATE SURFACES IN RESIDENTIAL DRIVEWAYS

Residential driveways bear very light, slow-moving vehicular traffic. Unbound
aggregate is very suited to this type of traffic. The low cost of aggregate keeps down
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FIGURE 6.9 Pedestrian area of decomposed granite partly stabilized with Stabilizer,
Steelhead Park, Los Angeles, about one year after installation.

the price of housing. The following two examples were installed at very different
times, and are of very different ages.

MEDFORD, NEW JERSEY

The driveway shown in Figure 6.10 was built in the mid-1990s in Medford
Township, New Jersey of open-graded crushed limestone in order to comply with
local ordinances limiting impervious cover and regulating stormwater runoff. The
subgrade is sandy. The edging is constructed of rustic timber, in character with the
well-preserved native woods around the residence. The driveway is easily able to
infiltrate all of the annual precipitation of 40 inches.
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FIGURE 6.10 Aggregate driveway at a residence in Medford Township, New Jersey, about
four years after installation.

In the foreground is the open lawn-like environment of the cleared street right-
of-way. The edge of the nearby woods makes an “ecotone” which harbors diverse
species and invites weeds to sprout in the driveway aggregate. Automobile traffic
suppresses the growth in the two wheel tracks. The woodland shade on the interior
of the private lot suppresses weeds. In both settings the porous aggregate driveway
infiltrates rainwater and aerates the soil as do the surrounding grass and forest floor.

GARDEN CiITY, NEW YORK

The driveway shown in Figure 6.11 is in an older and more formal setting. It is
located in Garden City, Long Island, New York. The aggregate is open-graded
crushed stone about 1 inch in size. Light traffic has settled the material into a rela-
tively even, walkable surface. Raised concrete curbs and a concrete apron crisply
delineate the driveway and stabilize the edge.

Judging from the architecture of the house in the background, the driveway was
installed about 100 years ago. During the years since then the surface has been
occasionally raked for smoothing and leveling. From time to time lost aggregate
has been replenished. The mostly sunny, dry setting has inhibited the development
of weeds.

Beneath this driveway is the sandy soil of the aquifer from which most of Long
Island draws its water supply. Although this driveway by itself is small, it occupies
an area that could have been impervious, but is not. For 100 years the driveway has
been infiltrating rainwater into the aquifer at the average rate of 40 inches per year.
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FIGURE 6.11 A residential driveway in Garden City, New York.

POROUS AGGREGATE SURFACES IN PARKING LOTS

Parking lots, bear widely varying amounts of vehicular traffic. Within a given park-
ing lot, the traffic in dead-end parking stalls is always much less than that in the
nearby driving lanes. The following examples of parking lots are within, or almost
within, the low capacity traffic to which unbound aggregate surfacing is suited.

QUIET WATERS PARK, ANNAPOLIS, MARYLAND

An aggregate parking lot in Quiet Waters Park in Annapolis, Maryland exemplifies
the use of aggregate under public vehicular traffic. The parking lot is located near the
park’s picnic grounds and performance area, so its use is limited mostly to weekends
and events in the summer season. In the winter it is not plowed for snow removal.
The same park has porous asphalt parking lots that bear greater amounts of traffic.
The motivation for selecting porous surfaces was to protect water quality in the adja-
cent Chesapeake Bay. The park was built in 1990. Figure 6.12 shows the parking lot
ten years later.

The surface slopes at a few percent. A central turning lane follows the topo-
graphic contour. Wheel stops define parking spaces on the lane’s uphill and downhill
sides. The size of the parking lot invites periodically abundant, fast-moving traffic.

The aggregate particles are hard, angular crushed limestone. The gradation is
coarse and permeable. Most surface particles are 1/2 inch in size; a small portion are
up to 1 inch and even 2 inches in size. The permeability is high.

The parking lot is in a mostly grassy setting with abundant sources of weed
seeds at nearby hedgerows. Weeds germinate here and there in the aggregate.
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FIGURE 6.12 Aggregate parking lot in Quiet Waters Park, Annapolis, Maryland, ten years
after installation.

In the driving lane the particles are packed together into a relatively continuous
surface. Shallow ruts formed by fast-moving, turning vehicles are visible. In the
parking stalls the surface is comparatively coarse and open.

Over ten years the surface particles have become worn with their movement
against one another: the angles are slightly rounded, and the surfaces are whitish as
if repeatedly scratched and abraded. Particles below the surface, where there is less
movement, are less worn.

As a whole the aggregate surface has “flowed” slightly from the central turning
lane to the sides and downhill, forming banks of aggregate a few inches high at the
downhill wheel stops, and lower banks at the uphill stops. The movement of gravel
toward the edges could be counteracted with a little manual labor with shovels and
rakes, if park personnel feel such an investment necessary.
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LINCOLN STREET STUDIO, COLUMBUS, OHIO

Crushed vitrified clay forms an aggregate parking area at Lincoln Street Studio, an
architectural office in Columbus, Ohio (www.lincolnstreet.com; Frank Elmer, per-
sonal communication 2001). The aggregate is recycled scrap material from a
regional manufacturing company. The material is very inexpensive. The parking area
was installed in 1995 or 1996. Figure 6.13 shows the place four or five years after
installation.

The parking lot is located in a narrow alley-like setting in an old part of
Columbus. Eight diagonal parking stalls line a driving lane of dense asphalt. A plant-
ing bed’s edge configuration defines individual stalls. The aggregate material in the
parking stalls is separated from the planting bed by a metal strip and from the asphalt
lane by a 36-inch-wide concrete band with jointing that parallels the diagonal park-
ing arrangement.

The aggregate material contains 1-inch particles and a substantial quantity of
particles 1/16 inch and smaller. The material is permeable to a degree despite its rel-
atively dense gradation. Below the surface it is dark from the moisture held in its
small pores. The aggregate surface is loose and open except in the compacted wheel
tracks, where aligned particles form a more or less smooth, tight surface. The sur-
face is sometimes raked after displacement by trucks that visit the construction com-
pany that shares the building.

The original installation of aggregate was only 3 inches thick. After a couple of
years, another inch of identical material was added to compensate for the material’s
settlement into the frost-susceptible clay subgrade (the nominal frost depth here is
30 inches).

FIGURE 6.13 Parking stalls of crushed vitrified clay at Lincoln Street Studio, Columbus,
Ohio.
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There has been no standing water in the aggregate area, even during the very
rainy May and June of 2001 and despite the absence of storm drains in this old part
of the city.

RIVERBEND EAST, ATHENS, GEORGIA

Figure 6.14 shows unbound aggregate in a residential parking lot. This is a small
parking expansion at the Riverbend East condominium in Athens, Georgia. The
setting is woody and informal despite the moderate density of housing. A dense
asphalt driving lane had been built with the rest of the development in the mid-
1970s. Unplanned overflow parking had been occurring at this unpaved spot for
many years, compacting the soil and forming muddy ruts. The addition in around

FIGURE 6.14 A retrofit parking expansion of unbound aggregate in the Riverbend East res-
idential condominium in Athens, Georgia.
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1990 of open-graded aggregate over the soil stabilized and drained the parking sur-
face. The aggregate is No. 57 crushed granitic rock (a slightly smaller particle size
would arguably have been adequate). The edging is of timbers. Fallen pine needles
line the periphery of the aggregate with quickly decomposing natural mulch. After
10 years of continued light vehicular use of the spot, no displacement or compaction
of the aggregate was visible, nor was there any raveling at the adjoining asphalt edge.

POROUS AGGREGATE SURFACES IN WORK AND EQUIPMENT
PLATFORMS

Commercial and industrial enterprises require well-drained, stable, economical sur-
faces for outdoor work and placement of equipment. Where the traffic is light,
unbound porous aggregate is highly suitable.

ELECTRIC SUBSTATION

Figure 6.15 shows a typical electric substation of the Georgia Power Company. A
thick layer of porous aggregate gives workmen and their trucks access to large elec-
trical equipment about once per week. The aggregate is crushed granitic rock. The
surface is very well drained, stable under very heavy occasional loads, and nearly
maintenance-free. The electrical equipment is placed on concrete footings sur-
rounded by the aggregate. Hundreds of substations in the company’s network have
the same type of flooring.

PLANT NURSERIES

Figure 6.16 shows an outdoor work area at Strader’s Garden Center in Grove City,
Ohio. The surface is No. 57 crushed limestone. The coarse-textured, well-drained
surface is used as a work platform by company employees. (A smaller particle size
would arguably have made walking more comfortable.)

Figure 6.17 shows a platform for outdoor retail display at Cofer’s nursery in
Athens, Georgia. The nursery uses the large platform for seasonally changing dis-
plays of plants. The surface is No. 89 crushed granitic rock. It is extremely well
drained despite heavy natural rains and abundant irrigation. There is essentially
never any surface ponding or runoff. It is level and firm enough for rolling the small
wheels of shopping carts.

POROUS AGGREGATE SURFACES IN PLAYGROUNDS

Playgrounds require soft surfaces of rounded aggregate particles to absorb falls. This
application is one of the very few exceptions to the requirement that aggregate
particles be angular for stability under traffic. In a playground, nearly spherical par-
ticles are desirable; they roll against each other without interlock, yielding under
pressure to cushion a child’s fall.

ASTM F 1292 defines a test for evaluating the shock-absorbing properties of
playground surfacing materials. For a given material it estimates a “critical height,”
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FIGURE 6.15 Aggregate surfacing in an electric substation.

representing the maximum height from which a child could fall onto the surface
without the likelihood of a life-threatening head injury (Consumer Products Safety
Commission, no date). The surfacing material used around a given piece of play-
ground equipment should have a critical height at least as great as the height of the
highest accessible part of the equipment.

The shock-absorbing capacity of rounded unbound aggregate depends on its
loose particulate character. It should not be installed over a hard base such as asphalt
or concrete. It may require periodic raking to maintain appropriate thickness, and
sifting to remove foreign matter. Figure 6.18 shows the gradations of two materials
tested for critical height by the Consumer Products Safety Commission. Both were
somewhat open-graded. Table 6.12 lists the critical heights of the materials.
According to the commission’s results, critical height increases with depth of the
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FIGURE 6.16 Aggregate work area at a plant nursery in Grove City, Ohio.

aggregate layer, but it can decrease with compaction resulting from construction or
prolonged use.

VANDERGRIFT PARK, ARLINGTON, TEXAS

Figure 6.19 shows rounded aggregate at Vandergrift Park in Arlington, Texas. The
particles are small river gravel. That the aggregate has yielded under pressure is vis-
ibly evidenced by the depression at the impact point at the bottom of the slide. Park
personnel rake the aggregate from time to time to relevel the surface. The aggregate
surface is edged by a concrete curb.

The subgrade soil is the notoriously swelling Houston black clay. Although the
highly permeable playground surface invites cycles of drying and moistening in the
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FIGURE 6.17 Aggregate display area at a plant nursery in Athens, Georgia.

soil, the resulting heaving is never noticed in this naturally uneven and dynamic sur-
face. Scheduled raking relevels the surface whether or not heaving has occurred.

BARNES HOSPITAL, ST. Louls, MISSOURI

Figure 6.20 shows an analogous installation at Barnes Hospital in St. Louis,
Missouri. The playground is located on a roof garden over a parking garage. Slightly
rounded pebbles about 1/4 inch to 3/8 inch in size make up the playground surface.
Play eq