ACI 522R-10
(Reapproved 2011)

Report on Pervious Concrete

Reported by ACI Committee 522

American Concrete Institute”®

Documents



http://www.avadocuments.com/doc/aci-522r-10-2011
http://www.avadocuments.com/doc/aci-522r-10-2011

First Printing: March 2010
@ Errata as of 8/8/2017

American Concrete Institute®
Advancing concrete knowledge

Report on Pervious Concrete

Copyright by the American Concrete Institute, Farmington Hills, MI. All rights reserved. This material
may not be reproduced or copied, in whole or part, in any printed, mechanical, electronic, film, or other
distribution and storage media, without the written consent of ACI.

The technical committees responsible for ACI committee reports and standards strive to avoid ambiguities,
omissions, and errors in these documents. In spite of these efforts, the users of ACI documents occasionally
find information or requirements that may be subject to more than one interpretation or may be
incomplete or incorrect. Users who have suggestions for the improvement of ACI documents are
requested to contact ACI. Proper use of this document includes periodically checking for errata at
www.concrete.org/committees/errata.asp for the most up-to-date revisions.

ACI committee documents are intended for the use of individuals who are competent to evaluate the
significance and limitations of its content and recommendations and who will accept responsibility for the
application of the material it contains. Individuals who use this publication in any way assume all risk and
accept total responsibility for the application and use of this information.

All information in this publication is provided “as is” without warranty of any kind, either express or implied,
including but not limited to, the implied warranties of merchantability, fithess for a particular purpose or
non-infringement.

ACI and its members disclaim liability for damages of any kind, including any special, indirect, incidental,
or consequential damages, including without limitation, lost revenues or lost profits, which may result
from the use of this publication.

It is the responsibility of the user of this document to establish health and safety practices appropriate to
the specific circumstances involved with its use. ACI does not make any representations with regard to
health and safety issues and the use of this document. The user must determine the applicability of all
regulatory limitations before applying the document and must comply with all applicable laws and regulations,
including but not limited to, United States Occupational Safety and Health Administration (OSHA) health
and safety standards.

Order information: ACI documents are available in print, by download, on CD-ROM, through electronic
subscription, or reprint and may be obtained by contacting ACI.

Most ACI standards and committee reports are gathered together in the annually revised ACI Manual of
Concrete Practice (MCP).

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331

U.S.A.
Phone: 248-848-3700
Fax: 248-848-3701
www.concrete.org
Documents
ISBN 978-0-87031-364-6 Document Sharing Hub

Full document details: ACI 522R-10 (2011)


http://www.avadocuments.com/doc/aci-522r-10-2011
http://www.avadocuments.com/doc/aci-522r-10-2011

ACIl 522R-10

(Reapproved 2011)

Report on Pervious Concrete
Reported by ACI Committee 522

Matthew A. Offenberg

Don J. Wade
Vice Chair

William L. Arent Scott Erickson

Bob J. Banka Dale Fisher
William D. Brant Walter Flood
Heather J. Brown Bruce A. Glaspey

Javier Casto Liv Haselbach

Manoj Chopra Omer Heracklis

John Cook Daniel J. Huffman
Michael S. Davy John Kevern
Norbert J. Delatte Frank Lennox

Aly Ibrahim Eldarwish Milan Lipensky

Thisreport provides technical information on pervious concrete' s application,
design methods, materials, properties, mixture proportioning, construction
methods, testing, and inspection.

The term “ pervious concrete” typically describes a near-zero-slump,
open-graded material consisting of portland cement, coarse aggregate,
little or no fine aggregate, admixtures, and water. The combination of
these ingredients will produce a hardened material with connected pores,
ranging in size from 0.08 to 0.32 in. (2 to 8 mm), that allow water to pass
through easily. The void content can range from 15 to 35%, with typical
compressive strengths of 400 to 4000 psi (2.8 to 28 MPa). The drainage
rate of pervious concrete pavement will vary with aggregate size and
density of the mixture, but will generally fall into the range of 2 to 18 gal./
min/ftZ (81 to 730 L/min/m?). Pervious concrete is widely recognized as a
sustainable building material, as it reduces stormwater runoff, improves
stormwater quality, may recharge groundwater supplies, and can reduce
the impact of the urban heat island effect.
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CHAPTER 1—INTRODUCTION AND SCOPE
1.1—Introduction
This report provides technical information on pervious

concrete's application, design methods, materias, properties,
mixture proportioning, construction methods, testing, and
inspection.

The term “pervious concrete” typically describes a near-
zero-slump, open-graded material consisting of portland
cement, coarse aggregate, little or no fine aggregate,
admixtures, and water. The combination of theseingredients
will produce a hardened material with connected pores
(Fig. 1.1), ranging in size from 0.08 to 0.32 in. (2 to 8 mm),
that allow water to pass through easily. The void content can
range from 15 to 35%, with typical compressive strengths of
400 to 4000 ps (2.8 to 28 MPa). The drainage rate of
pervious concrete pavement will vary with aggregate size
and density of the mixture, but will generally fall into the
range of 2 to 18 gal./min/ft? (81 to 730 L/min/m?) or 192 to
1724in./h (0.14 to 1.22 cm/s).

1.2—Scope
Concern has been growing in recent yearstoward reducing
the pollutants in water supplies and the environment. In the

Documents
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1960s, engineers realized that runoff from developed real
estate had the potential to pollute surface and groundwater
supplies. Further, asland is devel oped, runoff leavesthe site
in higher rates and volumes, leading to downstream flooding
and bank erosion. Pervious concrete pavement reduces the
impact of development by reducing or eliminating storm-
water runoff rates and protecting water supplies.

CHAPTER 2—NOTATION AND DEFINITIONS
1—Notation
area of the pavement, acre (m?)

solid volume of coarse aggregate in a unit volume

of concrete, ft3 (m°)

solid volume of coarse aggregate in a unit volume

of coarse aggregate, ft3 (m°)

dry-rodded volume of coarse aggregate in a unit

volume of concrete

runoff coefficient

cement content, 1b (kg)

thickness of the pavement, ft (m)

thickness of the subgrade, ft (m)

f{ = specified compressive strength of concrete, psi
(MPa)

f, = modulus of rupture of concrete, psi (MPa)

time, seconds

initial head, in. (mm)

final head, in. (mm)

permeability, in./s (mm/s)

percentage of void space in the pavement

percentage of void space in the subgrade

pressure reflection coefficient

aggregate volume, ft3 (m?3)

cement volume, ft3 (m?3)

paste volume; total of cement and water volume,

ft3 (m3)

available storage in pavement, ft2 (m°)

required storage volume, ft3 (m°)

available storage in subgrade, ft° (m°®)

total solid volume of aggregate, cement, and

water, ft3 (m°)

total volume, ft3 (m3)

water volume, ft3 (m°)

dry aggregate weight, b (kg)

saturated surface-dry weight, |b (kg)

water content, b (kg)

absorption coefficient
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2.2—Definitions
ACI provides a comprehensive list of acceptable definitions

through an online resource, “ACI Concrete Terminology,”
http://terminology.concrete.org. Definitions provided here
complement that resource.

concr ete, pervious—hydraulic cement concrete propor-
tioned with sufficient interconnected voids that result in a
highly permeable material, allowing water to readily pass.

impervious area—an area covered by a materia that
prevents precipitation from infiltrating soils and recharging
groundwater supplies.
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pavement, pervious—a pavement comprising material
with sufficient continuous voids to allow water to pass from
the surface to the underlying layers.

percolation rate—the rate, usually expressed as inches
per hour or inches per day, at which water moves through
pervious concrete.

por osity—the volume of open and connected interstitial
void space in pervious concrete.

raveling—the wearing away of the concrete surface
caused by the dislodging of aggregate particles.

runoff—water from rain or snow that is not absorbed into
the ground but instead flows over less pervious surfaces into
streams and rivers.

surface course—the top layer of a concrete pavement
structure.

void content—theratio of the volume of voids, including
both entrapped and entrained air, to the total volume
expressed as a percentage.

CHAPTER 3—APPLICATIONS
3.1—General
Pervious concrete has been used in a wide range of

applications, including:

e Pervious pavement for parking lots (Fig. 3.1);

* Rigid drainage layers under exterior mall areas,

»  Greenhouse floorsto keep the floor free of standing water;

e Structural wall applications where lightweight or better
thermal insulation characteristics, or both, are required;

* Pavements, walls, and floors where better acoustic
absorption characteristics are desired;

e Basecoursefor streets, roads, driveways, and airports;

e Surface course for parks and tennis courts;

» Floorsfor zoo areas and animal barns and stalls;

»  Bridge embankments;

e Swimming pool decks;

Documents
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e Beach structures and seawalls;
e Sewage treatment plant sludge beds;
e Solar energy storage systems;
e Wall liningsfor drilled water wells; and
e Artificia reefs where the open structure of pervious
concrete mimics the reef structure.
Typically, unreinforced pervious concrete is used in all
these applications because of the high risk of reinforcing
steel corrosion due to the open pore structure of the material.

3.2—Building applications: history

Pervious concrete has been used in building construction
since at least the middle of the nineteenth century (Francis
1965). Throughout this chapter, the term “ pervious concrete’
isused to describethematerial, but in the references and histor-
ically, it may have been described as no-fines concrete or
gap-graded concrete. European countries have used pervious
concretein different modes: cast-in-placeload-bearing walls
in single- and multistory houses and, in some instances, in
high-rise buildings, prefabricated panels, and steam-cured
blocks. In 1852, pervious concrete was first used in the
construction of two housesin the United Kingdom (UK). This
concrete consisted of only coarse gravel and cement. It isnot
mentioned in the published literature again until 1923, when a
group of 50 two-story houses were built with clinker aggregate
in Edinburgh, Scotland. In the late 1930s, the Scottish
Special Housing Association Limited adopted the use of
pervious concrete for residential construction. By 1942,
pervious concrete had been used to build over 900 houses.

From 1939 to 1945, the havoc of World War |1 left amost
al of Europe with vast housing needs, which encouraged the
development of new or previously unused methods of
building construction. Notably among them was pervious
concrete (Mahotra 1969). Pervious concrete used less
cement per unit volume of concrete as compared with
conventional concrete, and the material was advantageous
where manpower was scarce or expensive. Over the years,
the pervious concrete system contributed substantially to the
production of new houses in the UK, Germany, Holland,
France, Belgium, Scotland, Spain, Hungary, Venezuela,
West Africa, the Middle East, Australia, and Russia
Germany used this system because disposal of large quantities
of brick rubble was a problem after the war, leading to
research into the properties of pervious concrete. Elsewhere,
the unprecedented demand for brick and the subsequent
inability of the brick-making industry to provide an adequate
supply, led to the adoption of pervious concrete as a building
material. Similarly in Scotland, between 1945 and 1956, many
homeswere built with pervious concrete. Thiswas mainly due
to the presence of unlimited supplies of hard aggregates and
the absence of good facing bricks. The first reported use of
pervious concrete in Australiawas as early as 1946.

Before World War 11, production of pervious concrete was
confined to two-story homes. After 1946, however, pervious
concrete was used for amuch broader range of applications.
It was specified as a material for load-bearing elements in
buildings up to 10 stories tall (Francis 1965).
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Fig. 3.2—Pervious concrete pavement used within the drip
line of tree.

Pervious concrete was extensively used for industrial,
public, and domestic buildings in areas north of the Arctic
Circle because traditional building materials proved
impracticable. Examples of these impracticalities include
the high transportation costs of brick, fire hazards of
timber, and poor thermal insulation properties of plain
concrete (Malhotra 1976).

Although pervious concrete has been used in Europe and
Australiafor the past 60 years, its use as a building material
in North Americahas been extremely limited. Onereason for
thislimited useis, after World War 11, North Americadid not
experience a material s shortage as much as Europe.

In Canada, the first reported use of pervious concrete was
in 1960. Pervious concrete was used in the construction of
some houses in Toronto and on a nonstructural basis in a
federal building in Ottawa.

3.3—Pavement applications
Pervious concrete pavements advantages over conventional

concrete pavements include:

»  Controlling stormwater pollution at the source;

» Increasing facilities for parking by eliminating the need
for water-retention areas,

»  Controlling stormwater runoff;

*  Reducing hydroplaning on road and highway surfaces;

»  Creating additional lift to aircraft during takeoff due to
the cooling effect;

* Reducing glare on road surfaces to a great extent,
particularly when wet at night;

*  Reducing the interaction noise between tire and pavement;

»  Eliminating or reducing the size of storm sewers; and

e Allowing air and water to reach tree roots, even with
pavement within the tree drip line (Fig. 3.2).

Pervious concrete pavements’ potential disadvantages and

challenges include:

» Limited usein heavy vehicle traffic areas;

»  Specialized construction practices,

» Extended curing time;

e Senditivity to water content and control infresh concrete;

e Specia attention and care in dasign of

cupents
such as expansive soils and fres: suceptifl e 0nes, ¢ Sharing Hub
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e Lack of standardized test methods; and

e Specid attention possibly required with high groundwater.

Engineers have specified pervious concrete in pavements as.
»  Surface course;
¢ Permeable base and edge drains; and
e Shoulders.

The success of pervious pavement systems has been
mixed. In some areas, pervious concrete pavement systems
have been applied successfully, whereas in others they have
clogged in a short time. Many failures can be attributed to
contractor inexperience, higher compaction of soil than
specified, and improper site design. For a pervious concrete
pavement to work successfully:

«  Permeability of soils should be verified. A percolation
rate of 0.5 in./h (13 mm/h) and a soil layer of 4 ft (1.2 m)
or more are generaly recommended. There are indtala-
tions of pervious concrete and other porous paving
materials. In the red-clay Piedmont regions of the
Carolinas and Georgia, however, where the subgrade
infiltration rate is much less than 0.5 in./h (13 mm/h),
these pavements facilitate infiltration and filtering of
runoff and recharging of groundwater (although they do
not infiltrate al of the rain water in large storms);

e Construction site runoff and heavy equipment should
be kept from entering the pervious pavement area. The
pervious concrete pavement should not be placed into
service until all disturbed land that drainsto it has been
stabilized by vegetation. Strict erosion and sediment
controls during any construction or landscaping activity
are essential to prevent the system from clogging and
should be incorporated into the construction site storm-
water management plan; and

e Construction traffic (primarily vehicular) should be
directed away from the pervious pavement area during
construction to prevent compaction of underlying soil
layers and loss of infiltrative capacity.

3.3.1 Surface course—Pervious concrete may be used as a
surface course for parking lots and minor road strips (Fig. 3.1).
UseintheU.S,, to alarge extent, has been in surface courses.
Many parking lots in Florida consist of a pervious concrete
surface course. Itsuse in Floridais due to three factors:

1. Floridafrequently encounters heavy stormsthat cause a
quick accumulation of large amounts of stormwater; the use
of pervious concrete reduces the runoff volume;

2. Designers prefer the stormwater be retained on-site to
recharge the groundwater system; and

3. The cogt effectiveness of using pervious concrete over
conventional pavements is greatly enhanced with the
elimination of storm sewers.

3.3.1.1 Parking lots—Pervious concrete was referred to
asaparking lot paving material in the central Floridaareaas
early asthe 1970s (Medico 1975). The concept developed as

a means of handling the enormous quantities of water

running off a parking lot during a storm; pervious concrete

allows the water to percolate into the ground under the
pavement. The Environmental Protection Agency (EPA) has
adopted a policy that recommends the use of pervious
pavements as a part of their Best Management Practices
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(BMPs) asaway for communities to mitigate the problem of
stormwater runoff. Pervious concrete parking lots have also
been selected as an integral solution to the problem of hot
pavements in the Cool Communities program. The air
temperature over pervious concrete parking lotsis generally
cooler than asphalt. Pervious concrete parking lots also
reduce snow and ice buildup and are considered a nonpollutant
to the environment. The practical range of design thicknesses
for pervious concrete pavements is from 5 to 12 in. (125
to 300 mm) for plain parking lots.

3.3.1.2 Roadways—Pervious concrete for roadways is
usually considered for two applications as a:

1. Drainable base, or subbase material; and

2. Roadway surface or friction course.

In both categories, athough the drainage characteristics are
required properties, strength requirements may vary
depending on the location of the materia in the pavement
section. The practical range of design thicknessesfor pervious
concreteisfrom 6 to 12 in. (150 to 300 mm) for plain roadway
pavements. Bonded overlays (Maynard 1970), however, have
been as thin as 2 in. (50 mm). Many highways in Europe are
being constructed using an overlay of latex-modified pervious
concrete that alows for pavement drainage and tire-noise
reduction. The latex modification results in better mechanical
properties (Pindado et al. 1999).

3.3.2 Permeable bases and edge drains—A pervious
concrete base drains water that would normally accumulate
beneath a pavement. Thistype of construction helps to reduce
pumping of subgrade materialsthat could lead to thefailure of
the pavement. In some states, the departments of transportation
have created standards for constructing drainable bases and
edge drains using pervious concrete. California, Illinois,
Oklahoma, and Wisconsin have such standard specifications
(Mathis 1990). Pervious concrete in these applications is
usualy lower strength (1000 psi [7 MP4] or less), and is used
in conjunction with a nonwoven geotextile fabric. A similar
system can be used in slope stabilization.

3.3.3 Shoulders—Pervious concrete shoulders have been
used in France in an effort to reduce pumping beneath
concrete pavements. Air-entraining admixtures are used to
increase resistance to freezing and thawing. Porosities on the
order of 15 to 25% have been found to nearly eliminate the
risk dueto freezing, unlessthe concreteis allowed to become
saturated. Compressive strengths are often less than 2000 psi
(14 MPa) at 28 days.

3.4—O0ther applications
3.4.1 Drains—Water and power resources services have

used pervious concrete for the construction of permeable
draintilesaswell asdrains beneath hydraulic structures. The
drains relieve uplift pressures and allow groundwater to be
drained from beneath sewer pipes.

3.4.2 Greenhouses—The use of pervious concrete as a
thermal storage system in greenhouse floors has been
investigated by researchers (Monahan 1981; Herod 1981).
Thefloor served asastorage areaas wel| as a heat exchanger
for the solar-heated greenhouse, Pervibd €26

been used as paving in gree iclise ‘quﬁ%t@lhwgﬁrafﬁ% Hub


http://www.avadocuments.com/doc/aci-522r-10-2011
http://www.avadocuments.com/doc/aci-522r-10-2011

522R-6

ponding and to eliminate the growth of weeds while
providing a durable, hard surface for moving equipment.

3.4.3 Tennis courts—Pervious concrete has been used
extensively for the construction of tennis courts in Europe.
Pervious concrete dabs allow water to permeate and then drain
through agravel baseto the edges of thedab. Fly ashisincluded
in some of the mixtures to increase the workahility.

3.4.4 Noise barriers and building walls—Noises from
various traffic sources or occupants of a building can be
problematic. Pervious concrete noise barriers and interior
walls are sometimes constructed to reduce noise. This open-
graded structure tends to absorb and dissipate the sound in
the materia rather than reflecting it to another location.

CHAPTER 4—MATERIALS

4.1—General

Pervious concrete, also known as no-fines, permeable, or
enhanced porosity concrete (EPC), usualy consists of
normal portland cement, uniform-sized coarse aggregate,
and water. This combination forms an agglomeration of
coarse aggregates surrounded by a thin layer of hardened
cement paste at their points of contact. This configuration
producesinterconnected voids (typically of sizesintherange
of 0.04t0 0.2 in. [1to 5 mm]) between the coarse aggregate,
which allows water to permeate at a much higher rate than
conventional concrete. Pervious concrete is considered a
special type of highly porous concrete. Such porous concrete
can be classified into two types: one where the porosity is
present in the aggregate component of the mixture (light-
weight aggregate concretes), and one where porosity is
introduced in the nonaggregate component of the mixture
(pervious concrete) (Neithalath 2004). Lightweight aggregate
concrete can be constructed by using extremely porous
natural or synthetic aggregates. Pervious concrete has little
or no fine aggregate in the mixture. Another distinction
between these two types of porous concrete is based mainly
on the void structure. Lightweight aggregate concretes
contain large percentages of relatively nonconnected voids.
Pervious concrete, however, contains high percentages (20
to 35%) of interconnected voids, which allows for the rapid
passage of water through the body of concrete.

4.2—Aggregates

Aggregate gradings used in pervious concrete aretypically
either single-sized coarse aggregate or grading between 3/4
and 3/8in. (19 and 9.5 mm). Rounded and crushed aggregates,
both normal and lightweight, have been used to make
pervious concrete. The aggregate used should meet
reguirements of ASTM D448 and C33/C33M. Fine aggregate
content is limited in pervious concrete mixtures because it
tends to compromise the connectedness of the pore system.
The addition of fine aggregate may increase compressive
strengths and density but correspondingly reduce the flow
rate of water through the pervious concrete mass.

Aggregate qudity in pervious concrete is equaly important
as in conventional concrete. Flaky or elongated particles
should be avoided. The narrow-graded coarse aggregate
should be hard and clean, and free of coatings, such as dust
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or clay, or other absorbed chemicalsthat might detrimentally
affect the paste/aggregate bond or cement hydration. Aggregate
sources with a service record of acceptable performance are
preferable. In the absence of a source with an acceptable
service record, a combination of tests could be conducted to
provide a basis for assessing the suitability of a candidate
aggregate for incorporation into a pervious concrete mixture.
Unit weights of aggregates should be determined in accordance
with ASTM C29/C29M.

For new, unknown aggregate sources, results of tests
conducted as per ASTM C33/C33M and D448 should be
reviewed with the input of an experienced materials engineer.
Examining untested samples by an experienced petrographer
can proveto beinvaluablein identifying characteristics such
as quality, hardness, degree of weathering, and the presence
of deleterious coatings that could impair the performance of
the material in service.

Aggregate moisture at time of mixing is important. The
aggregate absorption should be satisfied by conditioning the
stockpile as necessary to achieve saturated surface-dry (SSD)
condition. Otherwise, a dry aggregate may result in a mixture
that lacks adequate workability for placing and compaction.
Overly wet aggregates can contribute to draining of the paste,
causing intermittent clogging of the intended void structure.

4.3—Cementitious materials

Portland cement conforming to ASTM C150/C150M,
C595/C595M, or C1157/C1157M is used as the main binder.
Supplementary cementitious materials such as fly ash,
ground-granulated blast-furnace slag, and silica fume can
also be used in addition to portland cement and should meet
the requirements of ASTM C618, C989, and C1240,
respectively. Testing materials in trial batching is strongly
recommended to verify that cement-admixture compatibility
is not a problem and that the setting time, rate of strength
development, porosity, and permeability can be achieved to
providethe characteristics needed for the anticipated placement
and service conditions.

4.4—Water

Water quality for pervious concreteisgoverned by the same
requirements as those for conventional concrete. Pervious
concretes should be proportioned with arelatively low water-
cementitious materia ratio (w/cm) (typically 0.26 to 0.40)
because an excess amount of water will lead to drainage of the
paste and subsequent clogging of the pore system. The
addition of water, therefore, hasto be monitored closely inthe
field. Further discussion of water quality isfound in ACI 301.
Recycled water from concrete operations may be usable but
only if it meets provisions of ASTM C94/C94M or AASHTO
M-157.

4.5—Admixtures

Water-reducing admixtures should meet the requirements
of ASTM C494/C494M. Water-reducing admixtures (high-
range or medium-range) are used depending on the w/cm.

Retarding admixtures are used to stehilize an wnRents
hydration. Retarding admixturec a1 n%%ﬂ@fﬁr@aring Hub
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when dealing with stiff mixtures, such as pervious concrete.
They are especially useful in hot weather applications.
Retarding admixtures can act as |ubricants to help discharge
concrete from a mixer and can improve handling and in-
place performance characteristics. Accelerators can be used
when pervious concretes are placed in cold weather. Studies
report the use of cement hydration stabilizers as an aid in
extending the working time of the mixture and viscosity-
modifying admixtures (VMAS) to enhance workability; these
advantages have aso been witnessed during actual production
and placements for projects. With the use of multiple
admixtures in any concrete mixture, it is recommended that
a trial mixture placement is conducted to identify any
admixture incompatibility problems and verify desired fresh
and hardened properties are consistently achievable.

Air-entraining admixtures should meet the requirements
of ASTM C260. Air-entraining admixtures are not commonly
used in pervious concretes, but can be used in environments
susceptible to freezing and thawing. No reliable method
exists, however, to quantify the entrained air volumein these
materials. Research is currently underway on the resistance
to freezing and thawing of pervious concrete mixtures, and
most studies involve the use of an air-entraining agent
(Neithalath et al. 2005a; Schaefer et al. 2006; Baas 2006).
Until a greater body of research is available, it may be
prudent to include an air-entraining admixture where placement
occursin colder climates. Thisisreportedly truein relatively
higher cement content mixtures where the paste thickness
coating aggregate particles exceeds 0.008 in. (200 pm).
Incorporation of fibersfor mixturesto be exposed to freezing
and thawing has shown success in some studies to improve
durability in cold climates.

The use of construction speciaty chemicalsisalso reported
to be beneficia when windy, drying ambient conditions create
high evaporation rates that reduce the window of timewhen a
mixture is most efficiently placed. The use of evaporation
retarders may be helpful in this regard.

CHAPTER 5—PROPERTIES

5.1—General

The various properties of pervious concrete are primarily
dependent on its porosity (air void content), which in turn
depends on cementitious content, w/cm, compaction level, and
aggregate gradation and quality. The pore sizesin the material
also impact strength properties. Although pervious concrete
has been used for paving for more than 20 yearsin the U.S,,
only afew investigations have been done to determine perfor-
mance (Ghafoori 1995; Wanielistaet al. 2007). Investigations
have been based primarily on laboratory tests, with some data
from actual field installations obtained. Only one ASTM
method exists that is specifically intended for use on pervious
concrete. ASTM Subcommittee C09.49 is developing test
methods for compressive strength, flexura strength, in-place
density/porosity, and in-place permeability. The specifier
should use caution when referencing test methods for
pervious concrete that are intended for plain concrete.
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Fig. 5.1—Relationship between air content and compressive
strength for pervious concrete (Meininger 1988) (1 psi =
0.006895 MPa).

Fig. 5.2—Rdationship between unit weight and compressive
strength for pervious concrete (Mulligan 2005) (1 psi =
0.006895 MPa; 1 Ib/ft3 = 16.02 kg/m®).

5.2—Compressive strength

The compressive strength of pervious concreteis strongly
affected by the mixture proportion and compaction effort
during placement. Figure 5.1 shows the rel ationship between
pervious concrete compressive strength and air void content
(Meininger 1988). Figure 5.1 is based on a series of |aboratory
tests where two sizes of coarse aggregate were used and
compaction effort and aggregate gradation were varied.
Figure 5.2 (Mulligan 2005) shows a relationship between
pervious concrete compressive strength and unit weight. The
figure is based on another series of laboratory tests where
one size of coarse aggregate was used and compaction effort
and the aggregate-cement ratio was varied. Figure 5.1 shows
that relatively high compressive strengths of pervious
concrete mixtures are possible, but the high strength is
achieved only with the reduction of air void content. This
results in a loss in percolating effjciency of pervious

concrete. It has been reported- that BAQCAHAREATS
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Fig. 5.3—Relationship between air content and compaction
energy for pervious concrete (Meininger 1988).

Fig. 5.4—Relationship between air content and flexural
strength for pervious concrete (Meininger 1988) (1 psi =
0.006895 MPa).

amplitude of the compactor is reduced to 0.0034 in. (0.086
mm) from 0.005 in. (0.127 mm) (Suleiman et a. 2006). An
increase in aggregate size has been reported to result in
reduced compressive strength, while polymer additives and
mineral admixtures have been found to increase the
compressive strength for the same aggregate gradation (Jing
and Guoliang 2003). Crouch et a. (2006) reports that an
increase in fineness modulus of the aggregates reduces the
compressive strength. Mahboub et al. (2008) cautions that
field cored strengths can be significantly different than cast
test cylinders.

Although the w/cm of a pervious concrete mixture is
important for the development of compressive strength and
void structure, the relationship between the w/cm and
compressive strength of conventional concrete does not
apply to pervious concrete properties. A high w/cmcan result
in the paste flowing from the aggregate, filling the void
structure. A low w/cm can result in reduced adhesion
between aggregate particles and placement problems.
Figure 5.3 (Meininger 1988) showsthe relationship between
thew/cmand air void content of a pervious concrete mixture
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Fig. 5.5—Relationship between flexural strength and
compressive strength for pervious concrete (Meininger
1988) (1 psi = 0.006895 MPa).

(with cement and aggregate content held constant) at two
different compaction levels. Experience has shown that aw/cm
of 0.26 to 0.45 provides good aggregate coating and paste
stability. When fine aggregates are used in pervious concrete
proportioning, the grain size of the fine aggregate in relation
to the coarse aggregate is believed to influence the porosity
and, consequently, the compressive strength of the material
(Onstenk et al. 1993).

The total cementitious material content of a pervious
concrete mixture is important for the development of
compressive strength and void structure. An excessive paste
content may result in afilled void structure and, consequently,
reduced porosity. An insufficient cementitious content can
result in reduced paste coating of the aggregate and reduced
compressive strength. The optimum cementitious material
content is strongly dependent on aggregate size and gradation.
For the aggregate size chosen, binder drainage tests are
recommended to be carried out to ascertain the optimum
cementitious content (Nelson and Phillips 1994).

Another factor that can have a significant impact on the
strength of pervious concretes is the thickness of the paste
layer surrounding the aggregate. Thisisrelated to the aggregate
Size, cementitious material content, and the w/cm.

5.3—Flexural strength
Figure 5.4 (Meninger 1988) shows the relationship
between pervious concrete flexural strength and air void
content based on beam specimenstested in the same series of
laboratory testsdescribed for Fig. 5.1. Although these results
are based on a limited number of specimens, comparing the
datain Fig. 5.1 and 5.4 indicates that a relationship between
the compressive and flexural strengths of pervious concrete
exists. This relationship, like compressive strength, depends
on severa variables. Figure 5.5 (Meininger 1988) showsthe
relationship between compressive and flexura strengths of
pervious concrete for one laboratory test series. Another
series of test data relating the flexural stren
isshownin Fig 5.6 (Neithalath 2004).

ecubents
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Fig. 5.6—Relationship between flexural strength and
porosity for pervious concrete (1 psi = 0.006895 MPa).

The addition of a small amount of sand (approximately 5%
by volume) increases the flexural strength of pervious concrete
(Neithaath 2004). Anincreasein flexura strength of pervious
concrete has been reported when a polymer additive is used
(Onstenk et . 1993). Flexura tensile strength of about 535 ps
(3 MPa) has been observed for a pervious concrete propor-
tioned using 1/4 to 3/8 in. (6 to 10 mm) aggregates and having
25% porosity (Nissoux et a. 1993; Brite/Euram Report 1994).

Crouch et a. (2006) investigated the relationship between
flexural strength f, and compressive strength ¢ for pervious
pavement. They determined that the relationship most
closely matches the equation established by Ahmad and
Shah (1985) for precast concrete.

fo=23f/?3  (in-Ibunits) (5-1)

f,=0.083f; %3 (Sl units)

5.4—Void content/density

The density of fresh pervious concrete can be determined
by ASTM C1688/C1688M, and isdirectly related to the void
content of a given mixture. Two additional methods that
determine porosity of hardened pervious concrete have been
reported (Neithalath 2004). The first method involves a
volumetric procedure where the mass of water filling a
sealed pervious concrete sample is converted into an equiv-
alent volume of pores. In the second method, an image anal-
ysis procedure is employed on pervious concrete specimens
that have been impregnated with a low-viscosity epoxy
(Marolf et al. 2004). The accessible porosity in a pervious
concrete mixtureisafunction of the aggregatesizesand rela-
tive quantities of different sizesin the mixture (Brite/Euram
Report 1994). Theimageandysis procedureisadvantageousin
ascertaining the variation in porosity with depth of apervious
concrete specimen or layer.

Void content is highly dependent on several factors:
aggregate gradation, cementitious material content, w/cm,
and compactive effort.
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Fig. 5.7—nfluence of aggregate size and gradation on the
porosity of pervious concretes.

The influence of aggregate gradation on porosity for
laboratory prepared pervious concrete specimens is shown
inFig. 5.7. A range of porosities can be obtained by blending
aggregates of two different sizes (Neithalath 2004). Care
should be taken to ensure that the aggregate size ratio (ratio
of the diameter of the larger aggregate to that of the smaller
one) is not very large when using aggregate blends. If the
ratio is very high (typically 2.5 or more), the smaller aggre-
gate will fill the voids left by the larger one, reducing the
porosity and, consegquently, the permeability. Though the
mechanical properties are enhanced using blends with large
Sizeratios, it is generally not recommended because pervious
concretes are primarily designed for water permeation.

Compactive effort has an influence on the void content,
porosity, and density of a given pervious concrete mixture.
In a laboratory test series (Meininger 1988), a single
pervious concrete mixture compacted with eight different
levels of effort, produced unit weight valuesthat varied from
105 to 120 Ib/ft® (1680 to 1920 kg/m°). Figure 5.2 shows that
thisvariation of unit weights and related air void content can
have a measurable effect on the compressive strength of
pervious concrete. For constant paste content, the void
content is reported to be a function of compactive effort,
aggregate particle shape and texture, and aggregate uniformity
coefficient (Crouch et al. 2006).

5.5—Pore sizes

Thesizesor sizerange of poresin pervious concreteisalso
a major factor influencing its properties. The influence of
pore sizes on water permeability and acoustic absorption has
been documented (Neithalath 2004; Neithalath et al. 2006).
To generate larger-sized pores in the materid, larger aggregate
sizes are recommended. Larger-sized pores are recommended
because they may reduce the chances of pore-clogging
(Nelson and Phillips 1994). Figures 5.8 and 5.9 depict the
influence of single-sized aggregates as well as blending two
different aggregate sizes in varying prgportions on the pore
sizes of pervious concrete. Renlacing snadll@6:
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Fig. 5.8—Influence of aggregate size on the pore size of single-
sized aggregate pervious concrete mixtures.
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Fig. 5.9—Influence of aggregate blending on the pore size of
pervious concrete.

the pore size. This is because the introduced coarser particle
may not be able to fit in the void left by the removed finer
particle (Neithalath 2004; Neitha ath et a. 2003).

Pore structure of pervious concrete is instrumental in all
the properties and performance characteristics of this material.
Low et al. (2008) outlined a statistical approach to the
determination of factors influencing pore structure features
such as porosity and pore connectivity factor, and performance
characteristic (permeability) of pervious concrete. Using a
factorial design experiment with four factors (aggregate size,
aggregate-cement ratio, w/cm, and sand-coarse aggregate
ratio), 16 pervious concrete mixtures were proportioned.
From arange analysis on the responses, only the first three
of four factors mentioned dominate the measured responses.
An image analysis method on two-dimensional sections of
pervious concrete was used to characterize the pore structure. A
two-parameter Weibull distribution was used to model the
pore area and pore size distributions of pervious concrete.
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Fig. 5.10—Relationship between air content and percolation
rate for pervious concrete (Meininger 1988) (1 ps =
0.06895 MPa).

The scale parameter of the Weibull distribution was used to
describe the“ characteristic porearea’ or “characteristic pore
size” of pervious concrete.

5.6—Percolation rate

One of the most important features of pervious concreteis
itsahility to percolate water through the matrix. The percolation
rate of pervious concrete is directly related to the porosity
and the pore sizes. Tests have shown (Meininger 1988) that
a minimum porosity of approximately 15% is required to
achieve significant percolation. For a porosity of 20 to 25%,
the coefficient of permeability is reported be approximately
0.01 m/s (Brite/Euram Report 1994). Another study
(Nissoux et al. 1993) reports a permeability of 0.88 gal /ft%/s
(36 L/m2/s). Figure 5.10 (Meininger 1988) shows the rela-
tionship between the air void content and percolation rate of
a pervious concrete mixture. Because the percolation rate
increases as air void content increases and, consequently,
compressive strength decreases, the challenge in pervious
concrete mixture proportioning is achieving a balance
between an acceptable percolation rate and an acceptable
compressive strength.

The permeability of pervious concrete can be measured by a
smple faling-head permeameter as shown in Fig. 511
(Neithalath et al. 2003). In this approach, the sample is
enclosed in alatex membrane to avoid water flowing along the
sides of the specimen. Water is added to the graduated cylinder
to fill the specimen cell and the draining pipe. The specimenis
preconditioned by allowing water to drain out through the pipe
until the level in the graduated cylinder is the same as the top
of the drain pipe. This minimizes any air pockets in the
specimen and ensuresthat the specimeniscompl etely saturated.
With the valve closed, the graduated cylinder is filled with
water. The valve is then opened, and the time in seconds t

required for water to fall from an initial head LAQGERAIBENTS
h, is measured. The equipment is.ail .c:\dfqﬁggm%p@qarmg Hub
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of 11.6 in. (290 mm) and afinal head of 2.8 in. (70 mm). The
permeability k (in./s[mm/g]) can be expressed as

k= At

where Ais a constant equal to 7.7 in. (192 mm).

A simple triaxial flexible-wall constant-head permeameter
was also constructed for determining the permeability of
pervious PCC intherange of 1t0 14,000in./h (0.001 to 10 cmy/s)
(Crouch et al. 2006). Constant-head permeability appears to
be afunction of paste drain down, effective air void content,
and void size. The results of the falling-head and constant-
head methods agree reasonably for laboratory samples.

Apart from the porosity and pore size, acrucial factor that
influences the permeability of pervious concrete is the pore
tortuosity or the degree of connectivity of the pore network.
There is no straightforward methodology to measure the
pore connectivity of pervious concrete. A recent study
(Neithalath et al. 2006) investigated the use of electrical
impedance-based methods to determine the pore connectivity
factor of pervious concretes to link it to the hydraulic
characteristics of the material. It is anticipated that the wide-
spread use of techniques like X-ray-computed tomography
will lead to accurate determination of pore connectivity in
pervious concretes.

The environmental benefits of pervious concrete have
been well documented. Deo et al. (2008) investigated the
efficiency of pervious concrete in retaining vehicular ail
spills in its material structure using carefully designed
experiments and modeling. Pervious concrete mixtures with
porosities ranging from 13 to 25% were proportioned using
two different size aggregates. The oil retention and recovery
was experimentally determined on 2 in. (50 mm) dlices of
pervious concrete specimens using a partition gravimetric
method. It was observed that a porosity of 20% is ideal for
optimal oil retention in the pore structure of the material. An
idealized pore-aperture model was used to develop a
modeling framework for the oil retention in pervious
concrete. The material parameters aswell asthe input features
that are most likely to influence the retention and recovery of
oil wereidentified. A genetic programming-based model was
used to predict the oil retention in pervious concrete specimens.
This modeling methodology provides good estimates of oil
retention. The performance of the genetic programming-
based model was judged in terms of its error statistics.
Results obtained from this model were more reliable than
those obtained using a linear regression method with the same
input parameters. The study is expected to lead to further
tests on optimization of pore structure of pervious concrete
for applicationsincluding oil retention and water transport.

5.7—Durability

Durability of pervious concrete refers to the service life
under given environmental conditions. Physical effects that
adversely influence the durability of concrete include exposure
to temperature extremes and chemicals such as sulfates and
acids. No research has been conducted on the resistance of
pervious concrete to aggressive attack by sulfate-bearing or
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Fig. 5.11—Apparatus for measuring permeability of
pervious concrete by a simple falling-head permeameter
(Neithalath et al. 2003) (1 in. = 25.4 mm).

acidic water. The durability of pervious concrete under
freezing-and-thawing conditionsis becoming well documented,;
no documented deterioration due to freezing-and-thawing
cycling in thefield is known to exist.

Limited testing in freezing-and-thawing conditions indicates
poor durability if the entire void structureisfilled with water
(U.S. Bureau of Reclamation 1947). Other tests, however,
have shown the pore structure being filled with water has
some, but not complete, correlation with the overall results.
A slower freezing condition—one cycle per day ascompared
with five or six as per ASTM C 666, Procedure A—may
allow the water to drain from the pervious concrete,
improving durability (Neithalath et al. 2005a). Limited field
data exist on the long-term durability of pervious concretein
northern climates (Delatte et al. 2007); however, substantial
empirical data support its use from a freezing-and-thawing
resistance perspective in the Rocky Mountain and Sierra
Nevadaregions of the western U.S. along with other regions
of the country where the standard practice is to treat conven-
tional concrete pavements with air-entraining admixtures for
the purposes of resistance to freezing and thawing. Caution
should always be exercised when using pervious concretein
a situation where complete saturation before a hard freeze
may occur.

Tests indicate that entraining air in the cement paste may
improve resistance to freezing and thawing. In the laboratory
under ASTM C666/C666M test conditions, non-air-
entrained pervious concrete fails (relative dynamic modulus
drops to less than 60%) in approximately 100 cycles of
freezing and thawing in the chamber A
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Fig. 5.12—mpedance tube for measuring the sound
absorption characteristics of pervious concrete (Neithalath
2004; Marolf et al. 2004).

modulus stays well over 60%, however, for specimens that
have the paste portion protected by entrained ar. Also,
pervious concrete specimens subjected to slow freezing and
thawing (one cycle per day) suffered |ess damage than those
subjected to the ASTM C666/C666M Procedure A test
whereit is subjected to five to seven cyclesaday (Neithalath
et al. 2005a).

Another study shows that partially saturated pervious
concrete subjected to freezing and thawing in air demonstrated
substantially higher durability than those subjected to
freezing and thawing under water (Yang et al. 2006).
Addition of small dosages of fine aggregate or synthetic
fiber has been reported to increase the freezing-and-thawing
resistance (Wang et a. 2006).

5.8—Toughness

Synthetic fibers can be employed to increase toughness,
defined as the energy absorption of concrete after cracking.
Toughness can be quantified in one of several test methods,
such as ASTM C1399. This test produces a postcracking
value in ps that relates to the flexural strength of the
concrete matrix. Product testing of synthetic fibersin beam
specimens of pervious concrete in accordance with ASTM
C1399 demonstrated that fibers 1.5 to 2.0 in. (40 to 50 mm)
in length were the most effective in imparting toughness to
the concrete (SI Concrete Systems 2002).

5.9—Acoustic absorption
Due to the presence of a large volume of interconnected

pores of considerable sizesin the material, pervious concrete
is highly effective in acoustic absorption. The material can
be employed as a means to reduce noise generated by tire-
pavement interaction on concrete pavements. Noise reduction
occurs from a combination of reduced noise generation and
increased sound absorption. Pervious pavements alter the
generation of noise by minimizing the air pumping between
tire and road surface. In addition, pores absorb sound
through internal friction between the moving air mole-
cules and the pore walls.
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To evaluate the sound absorption characteristics of
pervious concrete, an impedance tube can be used as shown
in Fig. 5.12 (Neithalath 2004; Marolf et a. 2004). Cylindrical
specimens with a diameter of 3.75 in. (95 mm) can be
accommodated in the impedance tube. The sampleis placed
inside a thin cylindrical Teflon sleeve, into which it fits
snuggly. The sample assembly is placed against a rigid
backing at one end of the impedance tube, which is equipped
with a sound source. A plane acoustic wave is generated by
the sound source and propagates along the tube axis. Micro-
phones placed aong the tube's length are used to detect the
sound wave pressure transmitted to the sample and portion of
the wave that is reflected (ASTM E1050). The pressure
reflection coefficient Risthe ratio of the pressure of reflected
wave to that of incoming wave, at a particular frequency.

The absorption coefficient o is a measure of a material’s
ability to absorb sound. A material with an absorption
coefficient of 1.0 indicates a purely absorbing material,
whereasamateria with an absorption coefficient of O indicates
the material is purely reflective. Normal concrete, for
example, typicaly has an absorption coefficient of 0.03 to
0.05 (Neithalath 2004). Pervious concrete typically has an
absorption range from 0.1 (for poorly performing mixtures)
to nearly 1 (for mixtures with optimal pore volume and
sizes). Because the absorption coefficient depends on the
frequency of impinging sound waves, it isimportant to select
a proper pervious concrete thickness to minimize sounds of
the desired frequency (800 to 1200 Hz isthe most objectionable
to the human ear).

CHAPTER 6—PERVIOUS CONCRETE
MIXTURE PROPORTIONING

6.1—General

The process of developing mixture proportions for
pervious concrete is often repeated trial-and-error efforts.
For example, a series of trial batches may be developed in
the laboratory and then tested in the field to ensure expected
behavior and performance. In general, the overarching
philosophy of mixture proportioning for pervious concreteis
to achieve balance between voids, strength, paste content,
and workability. Chapter 6 provides methods for trial batch
proportioning of pervious concretethat isintended for usein
pavements and other applications where drainage, percolation,
or high porosity is needed. The results of the trial batch may
have to be modified to better achieve the intended resultsin
final production.

6.2—Materials

Pervious concreteis composed of cement or acombination
of cement and pozzolan, coarse aggregate, and water.
Although beyond the scope of Chapter 6, a small amount of
fine aggregate may be incorporated to increase compressive
strength. The most common gradings of coarse aggregate
used in pervious concrete meet the requirements for ASTM
C33/C33M aggregate sizesof 7 (/2 in. to No. 4), 8 (3/8in. to
No. 8), 67 (3/4in. to No. 4), and 89 (3/8 in. to No. 16).

Portland cement may conform to ASTM
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