m Inch-Pound Units

“ International System of Units

Pervious Concrete—Report

Reported by ACI Committee 522

(aci W American Concrete Institute
»y Always advancing

@seismicisolation _”

ACI PRC-522-23



https://t.me/seismicisolation

- | _ First Printing
aci® American Corlgrete Iz;stltu_te June 2023

. W Vancing
> vays advancing ISBEN: 978-1-64195-220-0

Pervious Concrete—Report

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 ACIL.

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 recquested to contact ACI via the errata website at http://concrete.org/Publications/
DocumentErrata.aspx. Proper use of this document includes periodically checking for errata 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, fitness for a particular
purpose or non-infringement.

ACI and its members disclaim liahility 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.

Participation by governmental representatives in the work of the American Concrete Institute and in
the development of Institute standards does not constitute governmental endorsement of ACI or the
standards that it develops.

Order information: ACI documents are available in print, by download, 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 the ACI
Collection of Concrete Codes, Specifications, and Practices.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
Fax: +1.248.848.3701
WWW.Cconcrete.org

@seismicisolation


https://t.me/seismicisolation

AC| PRC-522-23

Pervious Concrete—Report

Reported by AClI Committee 522

MNorbert 1. Delatte, Chair

Othman Alshareedah
Daniel Biddle
William Brant
Heather Brown

Amanda Hult
Frank Kozeliski
David Liguon
Jesse Long

John T. Kevern, Secretary

Clon-500 Ool
Thomas Rozsits
George Secgebrechl
David Smith

John Cook Allyn Luke Alan Sparkman
Bernard Eckholdt [11 Brian Lutcy Christopher Tull
Alv Eldarwish Kamyar Mahboub Robert Varner
Scott Erickson Steven Mallicoat Charles Weiss
Dale Fisher Luis Mata Jason Wimberly
Walter Flood 1V Somayeh Nassiri Peter Yen
Bruce Glaspey Marayanan Meithalath
Liv Haselbach Matthew Offenberg
Consulting Members
Manoj Chopra Stephen Rohrbach

Bruce Ferguson
Daniel Huffman
Scott Palotta

This report provides technical information on pervious concrete s
application, design methods, materials, properties, mixture propor-
tioning, construction methods, testing, and inspection.

The term “pervious concrete” typically describes a near-zero-
slump, open-graded material consisting of portiand cemeni, 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 io
& mm), that alfow water to pass through easily. The void content

can range from 15 fo 353%, with Hipical compressive strengths of

400 to 4000 psi (2.8 1o 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/f*
(81 to 730 Limin/m). Pervious concrete is widely recognized as
a sustainable building material, as it reduces stormwater runaff,
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viduals 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
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all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom,

Reference to this document shall not be made in contract
documents. If items found in this document are desired by
the Architect/Engineer to be a part of the contract documents,
they shall be restated in mandatory language for incorporation
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improves stormmwater guality, may recharge groundwater supplies,
and can reduce the impact of the urban heat island effect.

Keywords: construction: design; drainage; green building; LEED® eredit;
permeability; pervious concrete pavement; stormwater; sustainability;
testing.
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

The term “pervious concrete™ typically refers to a
hydraulic-cement concrete proportioned with sufficient,
distributed, interconnected macroscopic voids that allow
water to flow through the material under the action of gravity
alone. The mixture often is composed of open-graded coarse
aggregate, cementitious binder, little or no fine aggregate,
admixtures, and water (Fig. 1.1a). The combination of these

g [ la—Pervious concrete pavement (photo courtesy of

F
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Fig 1LIb—Uniform porosity observed from a core sample
(photo courtesy of J. Monitgamery).

ingredients will produce a hardened material with voids
{Fig. 1.1b). ranging in size from .08 to 0.32 in. (2 to 8 mm),
that allow water to fow through easily. The void content
can range from 15 to 35%. The infiltration rate of pervious
concrete pavement will vary with aggregate size and density
of the mixture but will generally fall into the range of 250 to
17000in./h (0.17 to 1.20 cm/s).

1.2—Scope

The Environmental Protection Agency (EPA) recogmzes
that stormwater runoff is the single largest contributor to
surface water impairment in the United States. Stormwater
runaff also has the potential to pollute surface and ground-
water supplies, Furthermore, as land 1s developed, storm-
water runofl leaves the site in higher rates and volumes than
predevelopment, leading to downstream flooding and bank
erosion. Pervious concrete pavement reduces the impact of
development by reducing the rate of or eliminating storm-
water runoff and protecting water supplies. This report
provides technical information on pervious conerete applica-
tions, design methods, materials, properties, mixture propor-
tioning, construction methods, testing, and inspection.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

A, = area of the nonpervious area to be drained, fi% (m?)
A, = area of the pervious pavement, ft* (m?)

C = runoff coefficient

¢ = cement content, Ib (kg)

0D, = diameter between coarse aggregate particles
D, = diameter between coarse aggregate particles
coated with cement paste or mortar

dy, = thickness of the pavement, fi (m)

d; = thickness of the subgrade, ft (m)

' = specified compressive strength of concrete, psi
(MPa)

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

t = time,s

Iy = initial head, in. (mm)

I = final head, in. (mm)

h. = thickness of the pervious concrete layer, ft (m)

fown = height of curb to hold ponded water, ft (m)

h, = thickness of the subbase or reservoir layer, ft (m)

| = rainfall intensity, fi (m)

k = permeability, in./s (mm/'s)

21 = percentage of void space in the pavement

p: = percentage of void space in the subgrade

R = pressure reflection coefficient

T, = porosity of the pervious conerete layver, %

I = porosity for the subbase or reservoir layer, %

v = total volume of water to be drained, ft* (m?)

¥, = available storage in pavement, ft’ (m?)

¥, = required storage volume, ft' (m*)

¥, = available storage in subgrade, ft* (m®)

w = water content, Ib (kg)
2.2—Definitions

ACI provides a comprehensive list of acceptable defini-
tions through an anline resource, ACI Concrete Terminology.
Definitions provided herein complement that resource.

exfiltration rate—the design or measure rate at which
water exits the pervious concrete system.

hydraulic conductivity—the ease of which fluids
pass through concrete as a function of fluid density and
viscosity and degree of saturation, also known as the coef-
ficient of permeability when referring 1o water under
saturated conditions.

impervious area—an area covered by a material that
prevents precipitation from infilirating soils and recharging
groundwater supplies.

infiltration rate—the design or measured rate at which
water enters the pervious concrete surface.

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

permeability—the ability of pervious concrete 1o allow
fluids (typically water) to pass through as a function of
sample volume, fluid head, and fluid viscosity.

pervious concrete—hydraulic cement concrete propor-
tioned with sufficient, distributed, interconnected macro-
scopic voids that allow water to flow through the material
under the action of gravity alone,

pervious pavement—a pavement comprising material
with sufficient continuous voids to allow water to pass from
the surface to the underlying layers.

@seismicisolation
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porosity—the volume of open and connected interstitial
void space in pervious conerete expressed as a percentage of
the total volume.

raveling—ithe wearing away of the concrete surface
caused by the dislodging of individual 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—the ratio 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 is most commaonly applied in parking
{Fig. 3.1) and low-volume road applications for the manage-
ment of stormwater volume. However, pervious concrete,
much like conventional concrete, has a wide variety of appli-
cations and benefits. Some of the wide range of applications
include, but are not limited to: parking lots, drainage layers,
greenhouse floors, thermal insulating structural walls,
acoustic barriers, tennis courts, floors for animal barns and
stalls, seawalls, and artificial reefs.

Typically, unreinforced pervious concrete is used in all
these applications because of the perceived high risk of

reinforcing steel corrosion due to the open pore structure
of the material. Noncorrosive reinforcement alternatives
consisting of synthetic or natural microfibers and macro-
fibers are routinely included in certain areas for additional
toughness and durability.

3.2—Building applications: history

Pervious concrete has been used in building construction
since at least the middle of the nineteenth century. Pervious
concrete for building applications was first driven by lack
of suitable fine aggregate and later for material conserva-
tion after World War I1. Throughout this chapter, the term
“pervious concrete” is used to describe the material, but in
the references and historically, it may have been described
as no-fines concrete or gap-graded concrete. European coun-
tries have used pervious concrete in different modes: cast-in-
place load-bearing walls in single- and multi-story 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 houses in the United
Kingdom. This concrete consisted of only coarse gravel and
cement. It is not 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 construc-
tion (Francis 1965).

From 1939 to 1945, the havoc of World War IT left almost
all 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 (Malhotra 1969, 1976). Pervious concrete used
less cement per unit volume of concrete as compared with
conventional concrete, and the material was advantageous
where labor force was scarce or expensive. By 1942, pervious
concrete had been used to build over 900 houses in the United
Kingdom. 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. 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. Similarly, in Scotland between 1945
and 1956, many homes were built with pervious concrete,
This was 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 Australia was
as early as 1946. The pervious concrete system contributed
substantially to the production of new houses in the United
Kingdom, Germany, Holland, France, Belgium, Scotland,
Spain, Hungary, Venezuela, West Africa, the Middle East,
Australia, and Russia.

Before World War 11, production of pervious concrete was
confined to two-story homes. Atter 1946, however, pervious
concrete was used for a much broader range of applications.
It was specified as a material for load-bearing elements in
buildings up to 10 stories tall (Francis 1965).

Fig. 3.1—Parking lot built with pervious concrete pavgpestmicisolation
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Fig. 3. 2—Reinforced pervious cancrete walls constructed in
the early 1900s (photo courtesy of G, Seegebrecht).

Although pervious concrete has been used in Europe and
Australia for the past 60 years, its early use as a building
material in North America has been extremely limited. One
reason for this limited use is, after World War 1I, North
America did not experience a materials shortage as much
as Europe. The earliest example of pervious concrete in the
United States are the reinforced pervious concrete walls
surrounding Rosehill Cemetery in Chicago, 1L, constructed
in the early 1900s (Fig. 3.2).

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
3.3.1 Pervious concrete pavements’ advantages over
conventional concrete pavements include:
(a) Controlling stormwater pollution at the source
(b} Controlling stormwater runoff’
(c) Increasing facilities for parking by eliminating the
need for water-retention areas
(d) Reducing the interaction noise between tire and
pavement
(e) Reducing glare on road surfaces to a great extent,
patticularly when wet at night
(1) Eliminating or reducing the size of storm sewers
(g) Allowing air and water to reach tree roots, even with
pavement within the tree drip line (Fig. 3.3.1)
(h) Reduction in slips and falls due to the reduction in
surface icing
(i) Urban heat island mitigation and permafrost protection
tfrom reduced heat storage
Pervious concrete pavements’ potential disadvantages and
challenges include:
(a) Limited experience in heavy vehicle traffic areas
(b) Specialized construction practices
(¢) Extended curing time
(d) Sensitivity to water content and control in fresh
concrete

American Concrete Institute — Copyrighted @ Material - www.concrete.org

(e) Special attention and care in design of some soil types
such as expansive soils and frost-susceptible soils

(1) Lack of standardized test methods to measure compres-
sive and flexural strength and raveling resistance

(g) Lack of a standardized design procedure for minimum
infiltration requirements

(h) Special attention possibly required with high
groundwater

Engineers have recommended pervious concrete in pave-

ments as:

(a) Surface course

(b) Permeable base and edge drains

(¢) Shoulders

Historically, the success of pervious pavement systems

has been mixed. In many areas, pervious concrete pavement
systems have been applied successfully; however, in others
they have clogged in a short time or experienced excessive
surface raveling. Many failures can be attributed to contractor
or concrete mixture producer inexperience, higher compac-
tion of soil than specified, and improper site design. Proper
mixture designs and installation techniques have proven
effective at combating clogging and raveling issues. For a
pervious concrete pavement to work successfully:

(a) Permeability of soils should be verified. The perme-
ability of the soil should, at a minimum, match that
of the stormwater system design whether on a sandy
subgrade or less permeable soil type. For example,
in the red-clay Piedmont regions of the Carolinas
and Georgia where the subgrade infiltration rate is
much less than 0.5 in./h (13 mm/h), permeable pave-
ments facilitate infiltration and filtering of runoff and
recharging of the groundwater table (although they
do not infiltrate the entirety of the rain water from
large storms).

(b} Site layout should reduce sediment exposure from
adjacent soil or vegetated areas.

{c) 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.

Fig. 3.3.1—Pervious concrete pavement used within the drip
@seismicisolatiofine of trees (photo courtesy of M. Offenberg).
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(d) Construction site runoff and heavy equipment should
be kept away from entering the pervious pavement
area. The pervious concrete pavement should not be
placed into service until all disturbed land that drains
to it has been stabilized by vegetation. Strict erosion
and sediment controls during any construction or land-
scaping activity are essential to prevent the system
from clogging and should be incorporated into the
construction site stormwater management plan.
(e) Proper specifications should be required that clearly
state the desired performance and testing requirements
of the fresh and hardened concrete. Many failures
have been caused by a lack of clear guidance from
the designerfengineer as to what is expected of the
producer and contractor.
3.3.1.1 Parking lots—Pervious concrete was referred to
as a parking lot paving material in central Florida as early
as the 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) adopted a policy
that recommends the use of pervious pavements as a part
of their best management practices (BMPs) as a way for
communities to mitigate the problem of stormwater runoff
{U.S. EPA 2021). Pervious concrete parking lots have also
been selected as an integral solution to help mitigate urban
heat island effects in the Cool Communities program. The air
temperature over pervious conerete parking lots is generally
cooler than dense-graded asphalt. Pervious concrete parking
lots also reduce snow and ice buildup and are considered
a non-pollutant to the environment. The practical range of
design thicknesses for pervious concrete pavements is from
6 to 8 in. (150 to 200 mm) for most parking lots.

3.3.1.2 Sidewalks—In many locations, pervious concrete
is first used in sidewalk applications for testing and training
purposes before large-scale parking lot placement. Pervious
concrete sidewalks, either cast-in-place or precast, offer the
same stormwater and urban heat island benefits as pervious
concrete parking lots, but with the specific benefit of reduced
slipping potential (Kevern et al. 2012). The practical range
of design thicknesses for pervious concrete sidewalks is
from 4 to 6 in. (100 to 150 mm) for sections without routine
vehicular traffic.

3.3.1.3 Roadways—Pervious concrete for roadways is

usually considered for two applications as a roadway surface
or friction course. The practical range of design thicknesses
for pervious concrete 1s from 6 to & in. (150 to 200 mm)
for roadway pavements. Bonded overlays (Maynard
1970; Schaefer et al. 2010), however, have been as thin as
2 in. (50 mm). Numerous highways in Europe have been
constructed using an overlay of latex-modified pervious
concrete that allows for pavement drainage and tire-noise
reduction. The latex modification results in more desirable
mechanical properties (Pindado et al. 1999). A bonded 4 in.
{100 mm) pervious concrete overlay constructed in 2008 at
the Minnesota DOT testing facility (MNROAD) performed

well with truck traffic and was one of the quietest c@s‘etsmicis@l&tig@ 3

pavements in the United States, with on-board sound inten-
sity (OBSI) testing at less than 95 dB (Schacfer et al. 2010;
Kevern et al. 2011).

3.3.2 Permeable bases and edge drains—A pervious
concrete base drains water that would normally accumu-
late beneath a pavement. This type of construction helps to
reduce pumping of subgrade materials that could lead to the
fatlure of the pavement. In some states, the departments of
transportation have ereated standards for constructing drain-
able bases and edge drains using pervious concrete. North
Dakota, California, Illinois, Oklahoma, and Wisconsin
have such standard specifications (Mathis 1990). Pervious
concrete in these applications is wsually lower strength
(1000 psi [7 MPa) or less) and is often used in conjunction
with a nonwoven geotextile. A similar system can be used in
slope stabilization. The runways beneath Lambert Interna-
tional Airport in St. Louis, MO, USA, are pervious concrete
connected to a drainage system (Fig. 3.3.2).

Fig. 3.3.2—Pervious concrete base prior to conventional
paving at Lambert International Airport.

—Pervious concrete shoulders for flood control
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3.3.3 Shoulders—Pervious concrete shoulders have been
used in France to reduce pumping beneath concrete pave-
ments. In the United States, pervious concrete highway
shoulders have been mstalled in several states, including
Nevada, Utah, Missourl, and New York. In New York,
pervious concrete shoulders have been used to mitigate areas
with flooding problems (Fig. 3.3.3).

3.4—O0ther applications

3.4.1 Drains—Water and power resource services have
used pervious concrete for the construction of permeable
drain tiles as well as drains 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 inves-
tigated by researchers (Monahan 1981; Herod 1981). The
floor serves as a storage area as well as a heat exchanger
for the solar-heated greenhouse. Pervious concrete has also
been used as paving in greenhouse floors to keep water
from ponding and to eliminate the growth of weeds while
providing a durable, hard surface for moving equipment.

343 Tennis courts—Pervious concrete has been used
extensively for the construction of tennis courts in Europe.
Pervious concrete slabs allow water to permeate and then
drain through an aggregate base to the edges of the slab.

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

3.4.5 Retaining wall and abutment backfill—Pervious
concrete is an effective backfill material behind vertical
retaining walls, providing resistance to erosion and reducing
hydraulic pressure. The Metropolitan Atlanta Rapid
Transit Authority (MARTA) has used foamed, pumpable,
pervious concrete to mitigate erosion behind rail abutments
(Wright 2008),

CHAPTER 4—MATERIALS

4.1—General

Pervious concrete most simply consists of ordinary port-
land cement, open-graded coarse aggregate, and water,
Pervious concrete typically has little or no fine aggregate
in the mixture. This combination forms an aggregation of
coarse aggregate particles cemented together by a thin layer
of hardened cement paste. This configuration produces inter-
connected voids (typically of sizes in the range of 0.04 to
0.2 in. [1 o 5§ mm]) between the coarse aggregate, which
allows water to permeate at a much higher rate than conven-
tional concrete. Pervious concrete is considered a special
type of highly porous concrete. Another distinction between
these two types of porous concrete is based mainly on the
void structure. Lightweight aggregate concretes contain
large percentages of relatively unconnected voids. Pervious

interconnected voids, which allows for the rapid passage of
water through the body of concrete,

4.2—Aggregates for use in pervious concrete

Coarse aggregate for conventional (impervious) concrete
meeting gradations specified in ASTM C33/C33M may or
may not possess sufficient void space to make a suitable
pervious mixture. Bulk density and voids of aggregates
should be determined in accordance with ASTM C29/C29M
to ensure adequate voids exist to allow the specified cement
content while maintaining specified void content. Aggre-
gate gradations used in pervious concrete are open-graded
coarse aggregate between the 3/8 in. (9.75 mm) and No. 4
(4.75 mm) sieves. Occasionally, larger 1/2 in. (12 mm) or
3/4 in. (19 mm) aggregates may be used in industrial appli-
cations, or finer 1/8 in. (3 mm) aggregates may be used for
pedestrian applications. Rounded and crushed aggregates,
either normalweight or lightweight, have been used to make
pervious concrete. Research has shown the presence or addi-
tion of fine aggregate may increase compressive strengths
and density but correspondingly reduce the flow rate of water
through pervious concrete (Schaefer et al. 2006). Subsequent
research and producer experience have shown that if there is
sufficient void space in the coarse aggregate skeleton, the
addition of 5% fine aggregates (sand) will decrease voids
while providing other benefits such as improved resistance
to freezing and thawing (Kevern et al. 2008a).

The quality of the aggregate used in pervious concrete is
as important as it is in conventional concrete. Flat or elon-
gated particles should be avoided. The narrow-graded coarse
aggregate should be hard and clean, and free of coatings such
as dust, clay, or other absorbed chemicals that might detri-
mentally affect the paste/aggregate bond or cement hydra-
tion, 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 (Kevern et al. 2010). Of primary impor-
tance in freezing-and-thawing conditions is to ensure the
aggregate possesses soundness consistent with local accept-
ability. Likewise, comparative testing of similar mixtures
with candidate aggregates by ASTM C1747/C1747M will
pravide an indication of suitability for use.

For unknown aggregate sources, results of tests conducted
as per ASTM C33/C33M and ASTM D448 should be
reviewed with the input of an experienced pervious mixture
design consultant or materials engineer with experience in
pervious concrete. Examining samples by an experienced
petrographer can identify characteristics such as quality,
hardness, absorption, 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. Dry aggregate may resull in a mixture

concrete, however, contains high percentages (20&eisfiiibidolatiothat lacks adequate workability for placing and compaction.
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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 CI150/C150M,
blended cement conforming to ASTM C595/C595M, or
hydraulic cement conforming to ASTM C115T/C1I5TM is
used as the main binder. Supplementary cementitious mate-
rials such as fly ash, slag cement, and silica fume can also
be used in addition to portland cement and should meet
the requirements of ASTM C618, ASTM CO989/CI89M,
and ASTM (1240, respectively. Testing materials in trial
batching is strongly recommended to verify that cement-
admixture compatibility is not a problem with respect to false
setting tendencies and that the setting time, rate of strength
development, porosity, and permeability can be achieved to
provide the characteristics needed for the anticipated place-
ment and service conditions.

4.4—Water

Water quality for pervious concrete i1s governed by the
same requirements as those for conventional concrete.
Pervious concretes should be proportioned with a relatively
low water-cementitious materials ratio (w/em) (typically 0.34
to 0.41) because too much water will lead to drainage of the
paste and subsequent clogging of the pore system. Too little
water can result in inadequate hydration of the cement and
lead to reduced strength, finishing difficulty, and raveling.
The addition of water, therefore, must be monitored closely
in the field. Further discussion of water quality is found in
ACI 301. Recycled water from concrete operations may be
usable but only if it meets provisions off ASTM C94/C94M
or AASHTO M 157, In the case where hot water is used,
the mixture placement should be observed to verify a lack
of rapid or flash setting. Discontinue the use of hot water or
halt the placement before workability of the mixture is lost.

4.5—Admixtures

Medium- or high-range water-reducers, meeting the
requirements of ASTM C494/C494M, are used to improve
dispersion of the cementitious material particles and
improve the rheology of pervious concretes at lower w/em.
In those cases where water-reducing admixtures are used,
they should meet the requirements of ASTM C494/C494M.
Hydration stabilizing and retarding admixtures are used to
stabilize and control cement hydration and are frequently
preferred when dealing with low-w/em mixtures, such as
pervious concrete. Studies report the use of cement hydra-
tion stabilizers as an aid in extending the working time
of the mixture. They are especially useful in hot weather
applications (NEMCA 2009). Stabilizing/retarding admix-
tures can act as lubricants to help discharge concrete from
a4 mixer and can improve handling and in-place perfor-
mance characteristics. Accelerators should not be used when
pervious concretes are placed in cold weather. Viscosity-
modifying admixtures (VMAS) are also sometimes added to
prevent drain-down, When multiple admixtures are used in

placement be conducted to identify any admixture incom-
patibility and to verify that desired fresh and hardened prop-
erties are consistently achievable.

Adr-entraining admixtures, meeting the requirements of
ASTM C260/C260M, are not commonly used in pervious
concretes but can be used in environments susceptible to
freezing and thawing. There is no reliable method to quantify
the amount of entrained air in a pervious concrete mixture
(Kevern et al. 2009¢). Research performed on the resistance
to freezing and thawing of pervious concrete mixtures has
considered the use of an air-entraining agent (Neithalath
et al. 2005b: Schaefer et al. 2006; Baas 2006; Kevern 2006
Kevern etal. 2008b, 2009¢). Although air entrainment cannot
be easily measured, it is prudent to include an air-entraining
admixture where a placement will be exposed to freezing
and thawing. Incorporation of fibers for mixtures exposed
to freezing and thawing has shown success in some studies
to improve durability in cold climates (Kevern et al. 2008a).
When used. fibers should be proportioned mto the mixture
from the start, not simply added to an existing mixture, as
fibers can significantly change the fresh and hardened prop-
erties of the concrete.

The open void structure in pervious concrete allows mois-
ture to rapidly evaporate from the mixture, especially in
low humidity or windy conditions. The use of construction
specialty chemicals is also reported to be beneficial when
windy, drying ambient conditions create high evaporation
rates that reduce the window of time when a mixture 15 most
efficiently placed. The use of evaporation retarders may also
be useful in this regard. It has been reported that superabsor-
bent polymer-based internal curing agents (1CAs) can main-
tain moisture in pervious concrete and provide additional
water for a more complete hydration of the cement (Kevern
and Farney 2012). Refer to ACI 212.3R for more informa-
tion on [CAs.

CHAPTER 5—PROPERTIES

5.1—General

The various properties of pervious concrete are primarily
dependent on its porosity, cementitious material content,
water content, compaction level, and aggregate wvoids.
Investigations have been based primarily on labora-
tory tests, with some data from actual field installations
obtained. ASTM C1688/C1688M, ASTM CI1701/C1701M,
ASTM C1747/C1747TM, and ASTM C1754/C1754M are
specifically intended for use on pervious concrete. The
specifier should use caution when referencing test methods
for pervious concrete that are intended for conventional
concrete, aggregate, masonry, asphalt, or other materials.
Throughout this section, the Meininger (1988) reference
i1s used because if is the earliest significant reference that
showed pervious concrete material properties that are vali-
dated consistently across the breadth of later research.

5.2—Permeability
One of the most important features of pervious concrete

a concrete mixture, it is recommended that a trial n@dgetemicistiatiombility to percolate water through the matrix. The

(aci}
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Water percolation versus air content
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Fig. 5. 2a—Relationship between percolation rate and
porosity for pervious concrete (Meininger 1988). (Note:
! psi = 0.069 MPa; | in. = 25.4 mm.)
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Fig. 3.2b—Influence of voids on permeability of pervious
concrefe (Kevern 2006). (Note: I em/ss = 0.394 in./s).

permeability rate of pervious concrete is directly related
to the porosity and the pore sizes. Tests have shown
{Meininger 1988) that a minimum porosity of approxi-
mately 15% is required to achieve significant percolation.
For a porosity of 20 to 25%, the coefficient of permeability
is reported be approximately 0.03 fi/s (Brite/Euram Report
1994). Figure 5.2a (Meininger 1938) shows the relation-
ship between the air void content and permeability rate
for pervious concrete mixture. Because the permeability
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 permeability and an acceptable
compressive strength. Because permeability is not only a
function of overall porosity, but pore size as well, perme-
ability can have a great deal of variability at a particular void
content controlled by the mixture constituents. Figure 5.2b
{Kevern 2006) shows the relationship between &:}rosi and
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Fig. 5. 2e—Apparatus for measuring permeability of pervious
concrete by a simple falling-head permeameter (Neithalath
et al. 2003). (Nate: I mm = 0.0394 in_)

permeability for numerous mixtures containing different
mixture proportions and mixture components.

The permeability of pervious concrete can be measured
by a simple falling-head permeameter as shown in Fig. 5.2¢
{MNeithalath et al. 2003). In this approach, the sample is
enclosed in a latex membrane to avoid water flowing along
the sides of the specimen., Water 15 added 1o the graduated
cylinder to fill the specimen cell and the draining pipe. The
specimen is 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 drainpipe. This minimizes any air
pockets in the specimen and ensures that the specimen is
completely saturated. With the valve closed, the graduated
cylinder is filled with water. The valve 1s then opened, and
the time in seconds f required for water to fall from an initial
head #, to a final head - is measured. An initial head h, of
10 in. (250 mm) and a final head A; of 1 in. (25 mm) have
shown to work well in practice. The permeability & (in./s
[mm/s]) can be expressed as

k=Alt

where 4 is a constant equal to 7.7 in. (192 mm).

A simple triaxial flexible-wall constant-head perme-
ameter has been used to determine the permeability of
pervious portland-cement concrete (PCC) in the range of
1 to 14,000 in/h (0,001 to 10 cm/s) (Crouch et al. 2006).
Constant-head permeability appears to be a function of paste
drain-down, effective air void content, and void size. The
results of the falling-head and constant-head methods agree

seismicisolationeasonably for laboratory samples.
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Apart from the porosity and pore size, a crucial factor that
influences the permeability of pervious concrete is the pore
tortuosity or the degree of connectivity of the pore network.
There 1s no straightforward methodology to measure the
pore connectivity of pervious concrete. 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. Additionally, X-ray-computed tomography
has been used to accurately determine of pore connectivity
in pervious concretes (Kevern 2006).

The environmental benefits of pervious concrete have been
well documented. Deo et al. (2008) investigated the effi-
ciency of pervious concrete in retaining vehicular oil 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 were exper-
imentally determined on 2 in. (50 mm) shices of pervious
concrete specimens using a partition gravimetric method. [t
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 frame-
work for the oil retention in pervious concrete. The material
parameters as well as the input features that are most likely
to influence the retention and recovery of o1l were identified.
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
lincar regression method with the same input parameters.
The study is expected to lead to further tests on optimiza-
tion of pore structure of pervious concrete for applications
including oil retention and water transport.

5.3—Compressive strength

The compressive strength of pervious concrete is strongly
affected by the mixture proportion and compaction effort
during placement. Meininger (1988) mvestigated the rela-
tionship between pervious concrete compressive strength
and void content, Results are shown in Fig. 5.3a. In this
study, the series of laboratory tests was performed on
two sizes of coarse aggregate, The compaction effort and
aggregate gradation were varied for each size of aggre-
gate. Kevern (2006) investigated the same relationship of
pervious concrete compressive strength and void content
but used more varied mixture proportions, including various
aggregate types, aggregate sizes, aggregate gradations,
paste contents, paste compositions, and wiem (Fig. 5.3h).
Fundamentally, both studies show that there is a strong rela-
tionship between void content and compressive strength;
however, mixtures can be modified to improve compres-
sive strength for a particular void content. Mulligan (2005)
also indicates that there is a relationship between pervious
concrete compressive strength and unit weight (Fig. 5.3¢).

Although his study only used one size of coarse agg@gﬂ%smicismgﬂ
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the compaction effort and the aggregate-cement ratio were
varied. The data of Meininger ( 1988) indicate that relatively
Ofbmpressive strengths of pervious concrete mixtures
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Air content for two compaction levels
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Fig. 5.3d—Relationship between air content (porosity)
and w/em for pervious comncrete at two compaction levels
{Meininger 1988).
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Fig. 5.3e—Relationship between paste volume and compres-
sive strength (Deo and Neithalath 2011). (Note: 1 MFPa =
145 psi)

are possible, but that high strength is achieved only with the
reduction of void content (Fig. 5.3a). However, the reduc-
tion in air voids results in a loss in percolating efficiency
of pervious concrete. Suleiman et al. (2006) reported that
an 11% decrease in compressive strength was observed
when the vibration amplitude of the compactor is reduced to
0.0034 . (0,086 mm) from 0,005 in. (0,127 mm). Crouch
et al. (2006) reported that an increase in fineness modulus of
the aggregates reduces the compressive strength. Mahboub
etal. (2008) cautions that field cored strengths can be signifi-
cantly different than cast test cylinders,

Although the wicm 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, A high w/em can result in the
paste flowing from the aggregate, filling the void structure. A
low wicm can result in reduced adhesion between aggregate
particles, resulting in low density and raveling. The rela-
tionship between the w/cm and void content of a pervious

constant) at two different compaction levels is given in
Fig. 5.3d (Meminger 1988). Experience has shown that a
wicm of 0.34 to 0.41 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 and resultant
paste content of a pervious concrete mixture are Impor-
tant for the development of compressive strength and void
siructure. An excessive paste content may result in a filled
void structure and, consequently, reduced porosity. An insuf-
ficient cementitious material 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 selected, binder drainage tests are recommended
to ascertain the optimum cementitious material content
{Nelson and Phillips 1994). In some cases, reduction of the
total cementitious material content of the mixture allows the
use of increased water content with a resulting increase in
workability, without affecting the overall paste content.

Another factor that can have a significant impact on the
strength of pervious concrete is the thickness of the paste
layer surrounding the aggregate. Paste thickness is related
to the aggregate size, cementitious material content, and the
wiem. The paste thickness and aggregate size influence the
pore features of pervious concrete and influence strength
separately from just porosity. The mean free spacing
between the pores was also shown to influence ultimate
strengths of pervious concretes (Deo and Neithalath 2010).
In a companion study, Deo and Neithalath (2011) found a
statistically significant strength-to-porosity relationship irre-
spective of the total paste contents in the mixtures. Distinet
trends relating the paste content to the compressive strength
were observed for both the low and high paste contents, as
shown in Fig. 5.3e. The effects of relative volumes of aggre-
gates and the compaction effort would need to be considered
when paste contents are related to compressive strength of
pervious concretes.

5.4—Flexural strength

The relationship between pervious concrete flexural
strength and void content based on beam specimens is shown
in Fig. 5.4a (Meininger 1988). Although these results are
based on a limited number of specimens, comparing the data
in Fig. 5.3a and 5.4a indicates that a relationship between
the compressive and flexural strengths of pervious concrete
exists, This relationship, like compressive strength, depends
on several variables, The relationship between compressive
and flexural strengths of pervious concrete for one labo-
ratory test series is shown in Fig. 5.4b (Meininger 1988).
The addition of a small amount of sand (approximately

% by volume) increases the flexural strength of pervious
concrete (Neithalath 2004). An increase in flexural strength
of pervious concrete has been reported when a polymer

concrete mixture (with cement and aggregate gpaigabhigldolationdditive is used (Onstenk et al. 1993). Flexural strength
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of approximately 535 psi (3 MPa) has been observed for
a pervious concrete proportioned using 1/4 to 3/8 in. (6 to
100 mm) aggregates and having 25% porosity (Nissoux et al.
1993; Brite/Euram Report 1994). The ability to achieve high
flexural strengths for pervious concrete was demonstrated by
a wearing course overlay, which achieved 900 psi (6.2 MPa)
(Schaefer et al. 2011).

Crouch et al. (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 Shah and Ahmad ( 1985)
for precast concrete.

£:=23£" (in-lb)
£=0.083£%%  (SI) (5.4)

Beam flexural strength versus air content
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Fig. 5.da—Relationship between flexural smrength and
porosity for pervious concrete (Meininger 1988). (Note:
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5.5—Durability under freezing-and-thawing
conditions

ACI Concrete Terminology (CT-21) defines durability
as “the ability of a material to resist weathering action,
chemical attack, abrasion, and other conditions of service.”
When possible, it is important to design the system so that
the pervious concrete is not saturated when it freezes. Many
factors influence this, including strength, porosity, the ratio
of impervious to pervious areas, and frequency of main-
tenance (cleaning). Apart from the porosity and pore size,
a crucial factor that influences the flow of water through
pervious concrete is the pore tortuosity or the degree of
connectivity of the pore network. The mixture factors that
have the greatest influence on pervious concrete freezing-
and-thawing resistance are air entrainment, including fine
aggregate, wiem; and aggregate durability (Kevern et al.
2008c, 2010).

5.5.1 Air entrainment—While the pervious concrete
system should not be designed to store water in the concrete
pore space in climates that are subject to freezing-and-
thawing conditions, situations may exist when the pave-
ment is wet and the paste 15 saturated without having the
voids filled. Clogged specimens also have an increased
degree of saturation compared to unclogged samples in wet-
freeze environments, which increases freezing-and-thawing
damage (Guthrie etal. 2010), Consequently, mixtures subject
to freezing should be designed for durability to freezing-
and-thawing conditions, although testing of fully saturated
pervious concretes may be overly severe and may indicate
a worst-case scenario. However, the standard laboratory test
for evaluating the durability of pervious concretes when
subjected to cycles of freezing and thawing is ASTM Coo6/
Co66M, Procedure A, where samples are frozen and thawed
rapidly in the saturated condition. A slower freezing condi-
tion—one cycle per day as compared with five or six per day
as stated in ASTM Ca66/Ch66M, Procedure A—may allow
the water to drain from the pervious concrete, improving
results as compared to Procedure B, where the samples are
thawed in water (Neithalath et al, 2005b).

Laboratory tests indicate that entraining air in the cement
paste improves resistance to cycles of freezing and thawing
for pervious concrete (Kevern et al. 2008b, 2009¢), In the
laboratory under ASTM C666/Co66M test conditions, non-
air-entrained pervious concrete samples failed (relative
dynamic modulus drops to less than 60%) in 100 cycles or
less of freezing and thawing in the chamber (ASTM ChH66/
C666M requires a standard 300 cycles for the test). Also,
pervious concrete specimens subjected to slow freezing
and thawing (one eyele per day) suffered less damage than
those subjected to the ASTM CH66/C660M Procedure A
test, where samples were subjected to five to seven cycles
a day (Neithalath et al. 2005b). Another study shows that
partially saturated pervious concrete subjected to freezing
and thawing in air demonstrated substantially higher dura-
bility than those subjected to freezing and thawing while
submerged under water (Yang et al. 2006). This suggests the
need for routine surface cleaning of pervious concrete such

@seismicisthatiokpgging and surface ponding are prevented.
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5.5.2 Inclusion of fine aggregate or fibers—The addition
of small dosages of fine aggregate or synthetic fiber has been
reported to increase the freezing-and-thawing resistance
{Wang et al. 20006; Kevern 2006; Kevern et al. 2008a, 2015).
The fine aggregate increases the cementitious material paste
viscosity, allowing a thicker film of paste to surround each
aggregate particle. When those aggregate particles come
in contact during placement, the contact area between the
particles is increased from the thicker paste film, resulting
in greater load transfer and higher strength. The angle of
incidence between the particles is also reduced, which helps
protect against freezing-and-thawing stresses. Fibers help
hold the aggregate particles together, retaining more mass
and increasing freezing-and-thawing performance.

Macro-synthetic fibers in higher dosages contribute more
to pervious durability than micro-synthetic fibers in low
dosages. Macro-fibers have shown considerable enhance-
ments to the Mass Durability Factor and Relative Durability
Factor in freezing-and-thawing testing of pervious concrete
{Kevern et al. 2015). Per ASTM C666/Co66M-A research,
macrofiber (5.0 Ib/yd® [3 kg/m®], 2.25 in. [57 mm] long)
specimens easily survived 300 freezing-and-thawing cycles
essentially intact, as compared to plain control specimens
that failed completely at 187 cyeles (Kevern et al. 2015).

5.5.3 Warer-cementitious materials ratio—One additional
study {Kevern et al. 2008c) investigated the performance
of a single mixture produced at wicm from 0.25 to 0.32
with admixture dosages held constant to simulate unantici-
pated water changes that could occur at a construction site.
Results indicated that at very low w/em (0.25, 0.26), the
paste was dry, voids were high (28 and 24%), and, conse-
quently, freezing-and-thawing resistance was poor (74 and
95 cycles to failure, respectively). As water was added, the
mixture became more workable and the voids were reduced
to approximately 16%. The increased workability and water
content improved freezing-and-thawing resistance to 300
cycles for w/om of 0.31 and 0.32. For this set of mixture
proportions, paste drain-down occurred above a wiem of
0.32. As first mentioned in Section 5.2, wicm trends are
different for pervious concrete, and this study showed that a
properly wetted paste is more important than a low w/cm for
resistance to freezing and thawing.

5.5.4 Ageregate durabilin—A study performed for the
Portland Cement Association (PCA) evaluated the resis-
tance to freezing and thawing of pervious concrete that
was produced using coarse aggregate types from different
locations in the United States and Canada. Mixtures were
produced using the same proportions to evaluate effects of
the aggregate. Results indicate that statistically significant
factors include specific gravity and absorption. Aggregates
with higher specific gravity (an average of 2.64) and lower
absorption (an average of 0.82%) had good freezing-and-
thawing resistance whereas samples with unacceptable
freezing-and-thawing resistance had lower specific gravity
{2.57) and higher absorption {2.27%). For a single mixture
design, porosity, unit weight, compressive strength, and
tensile strength did not correlate to freezing-and-thawing

performance for any of the different aggregates (Kevern
et al. 2010).

5.5.5 Application of deicing chemicals—In locations
where freezing-and-thawing resistance is a concern, resis-
tance to deicing salts is also a significant deterioration
mechanism. Research performed by Cutler et al. (2010)
showed that for pervious concrete produced with 50%
replacement for cement with Class C fly ash and blast-
furnace slag, samples containing a latex-based admixture
had much poorer resistance to deicing salts than the mixture
without. Calcium chloride produced the greatest deteriora-
tion followed by sodium chloride, then calcium-magnesium
acetate, and little deterioration was caused by distilled water,
Recommendations from the study include avoiding latex-
based admixtures and calcium chloride for deicing applica-
tions (Cutler et al. 2010). Other studies have demonstrated
that magnesium chloride deicer damages concrete materials,
This is due to chemical attack on the cement that reduces
its binding capacity through the formation of brucite. This
reaction occurs at above-freezing temperatures. (Sutter et al.
2008; Sumsion and Guthrie 2013).

Furthermore, field experience and experimental results
indicate severe deterioration when deicing chemicals are
applied at early ages afier installation, and with prolonged
heavy use of deicing products. Therefore, deicing products
should be avoided as much as possible, particularly in the
first year after placement.

5.6—Surface abrasion and raveling resistance

Raveling is a prnimary detenoration mechanism of
pervious concrete, not only affecting the surface appear-
ance and smoothness, but also reducing permeability.
ASTM C1747/C1747M measures the mass loss of samples
abraded in the Los Angeles (LA) abrasion device for 500
revolutions. ASTM C944/C944M determines surface abra-
sion through mass loss and depth of wear from weighted
dressing wheels abrading the concrete surface at 200 rpm
for 2 minutes. ASTM C1747/C1747M is more applicable
for evaluating different mixtures (Offenberg 2011), whereas
ASTM C944/C944M can determine improvements from
curing compounds or surface treatments.

Surface abrasion testing has allowed wverification of the
most appropriate curing and repair methods, Curing under
plastic has been shown more effective than surface-applied
curing compounds alone (Kevern et al. 2009h). However,
as with other admixtures, samples internally cured using a
super-absorbent polymer had better abrasion resistance than
a conventional pervious concrete mixture, even under hot and
dry conditions (100°F [32°C] and 32% relative humidity).
One additional activity investigated techniques to reduce
raveling when samples were cured under the same hot and
dry conditions. Surface-applied sodium silicate densifier,
traditionally used to harden polished concrete floors, was
able to reduce raveling by 50% without affecting porosity
ot permeability (Kevern and Sparks 2013). Both micro-
synthetic and macrosynthetic fibers have also shown the
ability to significantly reduce raveling when tested using the

@seismicisolatiofhSTM C244/C944M method (Kevern et al. 2009b, 2013),
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5.7—Fracture toughness

Synthetic fibers can be employed to increase toughness.
Toughness can be quantified in one of several test methods,
such as ASTM C1399/C1399M. This test produces a post-
crack strength value in psi that relates to the flexural strength
of the concrete matrix. Product testing of synthetic fibers in
beam specimens of pervious concrete in accordance with
ASTM C1399/C1399M demonstrated that fibers 1.5to 2.0 in.
{40 to 50 mm) in length were the most effective in imparting
toughness to the concrete (SI Concrete Systems 2002),

The fracture toughness of pervious concretes, in addition
to the use of fiber reinforcement, also depends on the pore
structure features. The material fracture parameters—the
critical stress intensity factor (K,) and the critical crack tip
opening displacement (CTOD, )} —were determined using
three-point bend tests on notched beams in a study (Rehder
et al. 2014). Two different porosities () designed using
a particle-packing-based methodology with two different
aggregate sizes (and, hence, pore sizes) were used to
demonstrate the influence of the pore structure features on
fracture toughness (Rehder et al. 2014), Contrary to conven-
tional concretes, the larger pore size in pervious concretes
somewhat inhibits the influence of fibers in enhancing the
fracture toughness. This relationship was computation-
ally determined from three-dimensional reconstruction
{Sumanasooriya et al. 2010),

5.8—Acoustic absorption

Due to the presence of a large volume of interconnected
pores of considerable sizes in the material, pervious concrete
is highly effective in acoustic absarption. The material can be
employed to reduce noise generated by tire-pavement inter-
action on concrete pavements, Noise reduction occurs from
a4 combination of reduced noise generation and increased
sound absorption. Pervious pavements alter the genera-
tion of noise by minimizing the air pumping between tire
and road surface, In addition, pores absorb sound through
internal friction between the moving air molecules and the
pore walls.

To evaluate the sound absorption characteristics of
pervious concrete, an impedance tube can be used as shown
in Fig. 5.8 (Neithalath 2004; Marolf et al. 2004), Cylindrical
specimens with a diameter of 3.75 in. (95 mm) can be accom-
modated in the impedance tube. The sample is placed inside
a thin cylindrical polytetrafluoroethene (PTFE) sleeve, into
which it fits snugly. 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. Microphones placed along 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 R is the ratio of
the pressure of reflected wave to that of incoming wave, ata
particular frequency.

The absorption coefficient is a measure of a material’s
ability to absorb sound. A material with an absorption coef-

Aclive microphones
1

‘=
of.

Fig. 5.8~Impedance tube for measuring the sound absorp-
tion characteristics af pervious concrete (Neithalath 2004,
Marolf et al. 2004).

a material with an absorption coefficient of 0 indicates the
material 1s purely reflective. Normal concrete, for example,
typically has an absorption coefficient of 0.03 to 0.05
{Neithalath 2004). Pervious concrete typically has an absorp-
tion 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 is important to determine the
minimum pervious concrete thickness that will minimize
sounds of the desired frequency. Values between 800 and
1200 Hz are the most objectionable to the human ear.

In 2008, a pervious concrete overlay was constructed
as part of the Federal Highway Administration (FHWA)
surface characteristics program to evaluate the potential for
pervious concrete to mitigate noise in urban areas. AASHTO
T 360 averages leading and trailing edge microphones near
a standard tire on a standard vehicle traveling at 60 mph
(97 km/h). Using this testing method, pavements with results
less than 100 dB are considered quiet pavements {Schaefer
et al. 2011). On-board sound intensity (OBSI) results from
the pervious concrete overlay show values between 90
and 96 dB (Schaefer et al. 2010). Those results show that
pervious concrete pavements can be 50 to 100% quieter than
current quiet conventional pavements. Complete details are

provided in Schaefer et al. (2010).

5.9—Slip and fall prevention

Although intuitively and anecdotally observed to be a
maore slip-resistant walking surface, prior to a recent study,
no empirical evidence existed to characterize pervious
concrete as a walking surface with superior slipping proper-
ties in comparison to traditional concrete. A unique testing
program was developed at the Human Motion Laboratory
at the University of Missouri-Kansas City using biome-
chanical evaluation to investigate pervious concrete’s
impact on slipping characteristics during gait. The pervious
concrete samples tested had 30% voids, high permeability
with infiltration rates greater than 1300 in/h (1.0 cm/s).

ficient of 1.0 indicates a purely absorbing material, wheseismicis®ritigms samples were found to have 43% of the surface
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area compared to traditional concrete within a zone for
potential shoe contact. Shoe-to-pavement contact pressure
for pervious concrete was found to be more than twice that
for traditional concrete pavement. The dry pervious concrete
pavement also had coefficient of friction two to three times
greater than the traditional concrete, When icy, the greatest
difference in coefficient of friction between the two surface
types occurred between 25 and 30°F (—4 and -1°C), with
less slipping occurring on the pervious concrete. The addi-
tional contact pressure, coefficient of friction. and reduced
potential for ponding water and surface freezing indicated
pervious concrete may be a more slip-resistant walking
surface in winter conditions (Kevern et al. 2012).

5.10—Urban heat island mitigation

Pavements contribute to the urban heat island (UHI) effect
due to their bulk mass and heat absorption capacities. Granular
around surfaces composed of soils or sands do not contribute
to the UHI effect i a similar manner. Their porous nature may
lessen the effect both with an increased insulating capacity and
with an enhanced mechanism for evaporative cooling from
absorbed water. Pervious concrete has a network of inter-
connected voids that allow water exfiltration to the subbase
below. Limited studies on pervious concrete indicate that the
pervious concrete surface can have elevated temperatures as
compared with similar traditional impervious pavements, but
that temperatures are lower under the pavements.

Studies have been performed in lowa, South Carolina, and
Washington where both a pervious concrete and a traditional
concrete paving system have been installed and tempera-
tures recorded within the systems for extended time periods
{Kevern et al. 2009a,c; Haselbach and Gaither 2008). The
analyses covered days with negligible antecedent precipi-
tation and high air temperatures—extreme conditions for
UHI impacts. Results showed that less energy is stored
during heating in pervious concrete systems than the tradi-
tional concrete systems. This was using similar cementi-
tious material mixtures for both pavements (similar cement
colors) and where, based on previous research, the pervious
concrele surface would have a lower solar reflectance and,
hence, a higher surface temperature under similar solar
radiation conditions.

A strategy for mitigating the UHI effect may be to employ
lower energy storage pavement systems. Using pervious
concrete systems with their layers of materials with higher
porosity than traditional pavement systems may be an effec-
tive tool in reducing the UHI effect. Considerations of mate-
rial characteristics below grade such as porosity are impor-
tant in determining a permeable pavement’s capacity for
heat island mitigation. Solar reflectance should not be used
independent of these other variables, and pervious concrete
pavement is considered a cool pavement solution in the
International Green Construction Code (1gCC) regardless of
color (Kevern et al. 2009a; ICC IgCC 2021).

5.11—Pollutant removal capacity
Pervious concrete pavement systems have been shown to

of the removal process is by physical filtration of the particu-
lates in the stormwater, with the pollutants either remaining
on the surface or within the system. Examples of pollutants
with high removal efficiencies are solids, hydrocarbons,
and metals. In addition, there are opportunities within the
systems for chemical removal by sorption or ion exchange
or, in the case of oils or other hydrocarbons, microbial
degradation. This may occur in pervious concrete but has
been observed within the underlying system, including the
aggregate subbase and soil (Pratt et al. 1999), The pervious
concrete layer itself has been shown to have substantial
capacity for long-term zinc and copper removal due to the
chemistry of the concrete {Ahiablame et al. 2012; Haselbach
et al. 2014a; Rushton 2001).

CHAPTER 6—PERVIOUS CONCRETE MIXTURE
PROPORTIONING

6.1—General discussion of proportioning

For pervious concrete, the cement factor (coarse aggre-
gate to cementitious materials ratio) and w/cm are the major
variables affecting the mechanical characteristics. A wide
range of cement factors has been found to be acceptable,
depending on the specific application and desired perfor-
mance. Chemical admixtures, in addition to affecting the
wicm, are used to influence paste content, workability and
setting times, enhance various mechanical characteristics
of pervious concrete, and improve long-term durability,
Currently, there is not a standardized test for strength and
strength testing 1s not appropriate as an acceptance criteria.
Durability in terms of resistance to raveling is determined
using ASTM C1747/C1747M.

The process of developing mixture proportions for
pervious concrete is often repeated through successive itera-
tions. For example, a series of trial batches may be devel-
oped in the laboratory and then tested in the field to ensure
expected behavior and performance. In general, pervious
concrete mixtures are proportioned to achieve a balance
among voids, paste content, workability, and durability,

6.2—Proportioning criteria

The optimum water content produces a fully wetted
cementitious paste with sufficient viscosity to cover the
coarse aggregate particles without the paste draining from
coarse aggregate and clogging the pores of the pervious
concrete. A fully wetted cementitious paste is often described
as having a wet metallic appearance or sheen. For a given
set of mixture proportions containing a particular aggregate
size, type, and admixture dosages, there is a smaller range
of acceptable w/cm than typical for conventional concrete,
The cementitious paste creates sufficient bond between the
aggregate particles while providing sufficient void volume
for the infiltration of water. The w/cm is an important consid-
eration for obtaining the desired durability and void struc-
ture in pervious concrete. A high w/cm reduces the adhe-
sion of the paste to the aggregate and causes the paste to
flow and fill the voids even when lightly compacted. A low

have high capacity for stormwater pollutant remadsalsSooolationycm will prevent thorough mixing and tend to cause balling
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in the mixer, prevent an even distribution of cement paste,
reduce the adhesion of the paste to the aggregate, and
therefore reduce the ultimate strength and durability of the
concrete. Low w/cm is often a cause of early-age raveling
{1 to 7 days). For pervious concrete, the w/cm to obtain the
desired workability usually falls within 0.30 to 0.40. The
conventional w/em-versus-compressive strength relation-
ship for normal concrete does not directly apply to pervious
concrete. Careful control of aggregate moisture and wicm is
important to produce consistent pervious concrete.

Determining the desired void content for pervious concrete
is a balancing act between infiltration rate and compressive
strength, with a higher infiltration rate resulting in lower
strength and durability. The intent is to find a mixture that
provides at least an mitial infiltration rate that is neither too
low nor too high. Low surface infiltration rates are suscep-
tible to rapid clogging from fine materials carried in the
stormwater. High infiltration rates might be susceptible 1o
deep clogging from larger sediments or solids and are often
susceptible to high surface raveling. Generally, pavements
with infiltration rates between 250 and 1000 in./h {6.35 to
25.4 m/h) provide adequate strength and durability while
providing good resistance to clogging (Kevern 2011; Kevern
et al. 2015). The initial infiltration rates in these ranges are
always much higher than are needed for typical stormwater
balances and, therefore, increased rates are not usually bene-
ficial. Instead, clogging issues and cleaning options should
be considered.

Compressive strength and durability of pervious concrete
are also a function of the aggregate strength, paste bonding
characteristics, and strength of the cement paste itself. Some
caution should be used when applying these quantitative
numbers to practical design, as standardized test methods
do not yet exist for these properties of pervious concrete;
prior discussion should be taken as purely a qualitative
characterization,

6.3—Proportioning process

In the same fashion as conventional concrete, a wide
variety of different techniques exist to proportion pervious
concrete. The following is a simple technique to develop a
starting mixture for further iteration. Please review Chapters
4 and 5 for desired materials and material characteristics.

Step 1—Select coarse aggregate: Sclect a coarse aggre-
gate with at least 38% voids as determined by ASTM C29/
C29M for dry rodded unit weight (DRUW).

Step 2—Determine required coarse ageregate: Multiply
the DRUW by .95 if no fine aggregate is present or 0.90 1f
fine aggregate is present to accommodate for the volume of
film paste separating the coarse aggregate pieces, as shown
in Fig. 6.3a. The diameter between the coarse aggregate
particles (£2,) 1s increased when paste or mortar are present
(D) and a corresponding reduction in aggregate volume is
required to maintain concrete volumetric proportions.

Step 3—Determine required paste:

Option (a): For high-strength pervious concrete or pervious
concrete placed with low compaction energy, multiply the

Film Paste

Da

Fig 6.3a—Aggregate volume reduction required o accom-
modate paste coating thickness.

Film Paste

Capillary
Paste

Dc

Fig 6.3b—Relationship between film paste coating and
capillary paste,

Option (b): For low-strength pervious concrete or pervious
concrete placed with high compaction energy, multiply the
amount of coarse aggregate determined in Step 2 by 0,21,

For normalweight aggregates, research has shown that 5 to
7% sand by mass increases the film paste thickness, strength,
and durability. The amount of paste and compaction energy
influences how much capillary paste is required for strength
and durability purposes (Fig. 6.3b).

Step 4—Select desired supplementary cementitious
materials (SCMs): Fly ash, slag cement, and silica fume
have all been successfully used in pervious concrete.
Please refer to Chapters 4 and 5 for more discussion on
replacement rates.

Step 5—Select w/em and amount of water needed:
Typical wiem for pervious concrete range from 0.30 to 0.40.

Step 6—Select admixtures: Please refer to Chapters 4
and 5 for more discussion on the use of various admix-
tures. Common admixtures include water reducer, hydration
control, air-entraining, and viscosity-modifying,

Step 7—Select fibers (if desired): A wide variety of fiber

amount of coarse aggregate determined in Step 2 by @éeismicisBﬁ’&RSﬁ and materials are available. Research has shown

aci’®
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Forw/fem < 0,38
DeH = 263 * w/cm

For wfcm »0.38
DoH = 100%

Anticipated Degree of Hydration (%)
w
=

o 0.1 02 03 04 05
Water-to-Cementitious (w/cm)

Fig 6. 3c—Anticipated degree of hvdration for various w/cm.

benefit for using many types within pervious concrete. In
general, smaller fibers and lower dosages are used in light-
duty applications, while larger fibers and higher dosages
for more industrial applications. Some reported dosage
rates include:

(a) Monofilament microfibers: 1.0 to 1.5 Ib/yd® (0.6 to

0.9 kg/m*)
(b) Fibrillated or cellulose fibers: 1.5 to 3.0 Ib/yd® (0.9 to
1.8 kg/m¥)

(c) Macrofibers: 2.5 to 7.5 Ib/yd® (1.5 to 4.4 kg/m?)

Step 8—Determine trial mixture proportions, design
hardened unit weight (DUW), and design void content
{DVC): The design void content (DVC) is determined volu-
metrically from the selected mixture proportions, The DVC
includes both entrained/entrapped air and water permeable
voids. The design hardened unit weight (DUW) includes the
cementitious materials, dry aggregate, and portion of water
incorporated into hydration products. An assumed 100%
degree of hydration (DoH) is assumed at w/cn above 038, If
the actual cement chemistry is known, then the actual amount
of water needed to hydrate the cementitious materials can
be calculated. If that information is not known, then a good
estimate to use 1s 25 1b (11.3 kg) of water will be chemically
incorporated in the hydration of 100 1b (45.4 kg) of cement
when the w/em exceeds 0,38, If the w/cm is below (1,38,
then sufficient channels and pores will not allow complete
hydration and the amount of water incorporated within the
cementitious paste will be reduced. Figure 6.3¢c shows the
degree of hydration reduction (after Bentz et al, [20057).

Example for wicm of 0,35

(.35 = 263 = 92.1% anticipated DoH

92.1% = 25 Ib/100 Ib = 23.0 b (10.4 kg) water anticipated

to be incorporated into the hardened concrete

Step 9—Trial batch testing: Trial batch testing may

be performed in the laboratory or the field. Because field
compaction is difficult to simulate during lab placements,
actual on-site placement will be the most representative for
further iterations.

(a) Measure the fresh density according to ASTM CI688/
C1688M. Because the compaction energy associ-
ated with ASTM C168R/C1688M will not match
that of field compaction, the ASTM C1688/C1688M

ability on delivered proportions and workability and
not compared with the DUW, Typical values range
between 124 and 133 Ib/ft® (1990 to 2130 kg/m?).

{b) Core the samples and determine the hardened density
according to ASTM C1754/C1754M.

(c) After determining the hardened density, determine
vertical compaction variability and drain-down. Cut the
hardened cylinders in half horizontally and determine
the hardened density of the top and bottom portions
individually. Density should not vary by more than 5%.
Significantly higher density in the top half indicates
poor workability for the desired compaction technique
with increased susceptibility to bottom-up cracking.
Significantly higher density in the bottom half indi-
cates paste drain-down with increased susceptibility to
clogging within the pervious concrete section.

(d) Determine raveling potential according to ASTM
C1747/C1747M. Mass loss should be less than 40%
for samples placed at the desired density.

Step 10—Adjust the mixture:

(a) If unit weight is low, increase the cementitious
materials content, sand content, or admixtures to
increase workability,

(b} If unit weight is high, decrease the cementitious
materials content, sand content, or admixtures to
decrease workability.

(c) If abrasion is high, increase fiber dosage, cementitious
materials content, or admixtures to increase workability,

6.4—NMixture proportioning process examples

Example 1:

The following proportioning example is based on a mixture
to be placed on a pedestrian plaza in Florida (no freezing
and thawing concerns} that, because of site geometry, does
not facilitate the vse of a large roller screed. Placement will
be performed using a straightedge and vibratory bullfloat.
The mixture will contain crushed limestone coarse aggre-
gate with a specific gravity of 2.40, absorption of 1.5%, and
DRUW of 90 Ib/ft’. The mixture will contain ASTM C150/
C150M Type I cement (SG 3.15) and silica fume (8G 2.2).

Step 1—Select coarse aggregate: Per ASTM C29/C29M
and the properties previously presented, the compacted
voids are 39.9%, which exceed the required 38%.

Step 2—Determine required aggregate: Because no fine
aggregate was desired due to the lack of freezing and thawing
concerns and low loading, the DRUW paste modifier is 0,95,

90 1b/ft® * 0.95 x 27 fi*/yd® = 2187 yd® coarse aggregate
(1440 kg/m® * 0.95 = 1368 m")
0 Ib/yd® fine aggregate

Step 3—Determine required paste: Because the site
conditions dictate low compaction energy, the amount of
paste needed 1s .24 = aggregate weight.

2309 Ib/yvd* * 0,24 = 554 Ib/vd® total cementitious materials

Step 4—Select desired SCMs: The problem state-

density should be used for quality contfBPESHWEEOIAIORL, 1 included silica fume as an SCM. Research specific to

American Concrete Institute — Copyrighted @ Material - www.concrete.org


https://t.me/seismicisolation

18 PERVIOUS CONCRETE—REPORT (ACI PRC-522-23)

pervious concrete has shown up to 5% to be appropriate and
beneficial and as such, 5% is used in this example.

554 Ib/yd® = 5% = 28 lb/yd? silica fume

Step 5—Select w/cm and amount of water needed:
Although a common range of w/em for pervious concrete
15 0,30 to 0.40, because silica fume is included, a wiem of
0.37 will be selected for this example to help facilitate good
workability and minimize paste shrinkage,

554 |b/yd® total cementitious material
% (1.37 = 205 Ib/yd® water

Step 6—Select admixtures: Please refer to Chapters 4
and 5 for specifics on admixture selection. The following
two admixtures and dosages have been selected from values
commonly reported in the literature.

(a) Polycarboxylate mid-range water-reducing agent:

6 oz./ewt, 33 oz./vd’

(b) Hydration-controlling admixture: 6 oz./cwt, 33 oz./yvd’

Step 7—Select fibers (if desired): No fibers will be used
in this example.

Step 8—Determine trial mixture proportions, DUW,
and DVC:

Component Ihiyd? | fitivd? %o Nuotes
Cement 526 67 9.9
Silica fume 28 20 0.7
Coarse aggregate 2309 1542 57.1
Water 205 329 12.2
Design void content — 542 20.1

For the developed mixture, the DVC would be 20.1%,
which is within the 20 to 25% common for pervious
concrete. The DUW includes the amount of cementitious
materials, dry aggregate, and water incorporated into the
hydration products.

(526 Ib/yd® + 28 Ib/yd® + 2309 + 554 [b/yd*
% 0.25 % (263 % 0.37)/100)/27 = 111.0 Ib/yd®

Example 2:

The following proportioning example is based on a
mixture to be placed in a freezing-and-thawing climate
using a crushed limestone coarse aggregate with a specific
gravity of 2.67, absorption of 0.5%, and DRUW of 98 Ib/ft’.
A rounded river sand fine aggregate will be included with
a specific gravity of 2.61 and absorption of 0.8%. The
cementitious materials will include slag cement and silica
fume and the mixture will include fibers. The pavement will
be placed using a weighted roller screed and finishing with
a vibrating float.

Step 1—Select coarse aggregate: Per ASTM C29/C29M
and the properties previously presented, the compacted
voids are 41.2%, which exceed the required 38%.

Step 2—Determine required aggregate: Because fine
aggregate was desired due 1o freezing-and-thawing concemns
and low loading, the DRUW paste modifier is 0.90. For
normalweight aggregate, 5 to 7% fine aggregate provides
good improvement to strength and durability.

98 Ib/ft* = 0,90 = 27 fi’/yd?
= 2381 Ib/yd® coarse aggregate
2381 Ib/yd® = 5% = 119 Ib/yd’ fine aggregate

Step 3—Determine required paste: Because the place-
ment will use high compaction energy, the amount of paste
needed is 0.21 = aggregate weight.

2381 Ib/yd® = 0.21 = 500 Ib/yd® total cementitious materials

Step 4—S5elect desired SCMs: The problem statement
included slab cement and silica fume as SCMs. Research
specific to pervious concrete has shown up 1o 5% to be
appropriate and beneficial for silica fume and as such, 5%
15 used in this example along with a 25% replacement for
slag cement.

500 Ib/yd® = 5% = 25 Ib/yd’ silica fume
500 Ib/yd® x 25% = 125 Ib/yd® slag cement

Step 5—Select wicm and amount of water needed: A
common range of w/em for pervious conerete is 0.30 to 0.40.
Because a wicm was not specified, a 0.35 will be selected as
a starting point.

500 Ib/yd® total cementitious * 0.35 = 175 Ib/yd® water

Step 6—Select admixtures: Please refer to Chapters 4
and 5 for specifics on admixture selection. The following
three admixtures and dosages have been selected from
values commonly reported in the literature.

1. Air-entraining agent: 2 oz./cwt, 10 oz /yd’

2. Polycarboxylate mid-range water-reducing agent:

6 oz./cwt, 30 oz./yd’

3. Hydration-controlling admixture: 6 oz./cwt, 30 oz./yd’

Step 7—Select fibers (if desired): No fibers will be used
in this example.

Step 8—Determine trial mixture proportions, DUW,
and DVC:

Component Ibivd® | ftiyd® | % Notes
Cement 350 1.78 | 66
Slag cement 125 077 29
Silica fume 25 0.18 0.7
Coarse aggregale | 2381 143 | 541
Fine apgregate 19 07 27
Water 175 28 104
Fibers 1.5 1 0.1
Design void content — 6.1 226

@seismicisolation
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For the developed mixture, the DVC would be 22.6%,
which is within the 20 to 25% common for pervious
concrete. The DUW includes the amount of cementitious
materials, dry aggregate, and water incorporated into the
hydration products.

(350 Ib/yd® + 125 Ib/yd® + 25 Ib/yd® + 2381 + 119 +
500 Ib/yd® x 0.25 x (263 x 0.35)/100 + 1.5)27 = 115.4 Ibiyd®

CHAPTER 7—PERVIOUS PAVEMENT DESIGN

71—Introduction

Pervious pavement design needs to consider site
design with thickness. In the thickness determination of a
pervious pavement section, two important analyses should
be conducted: one for structural adequacy and one for
hydraulic characteristics. These two characteristics influ-
ence each other so they both should be addressed with care.
The thicker resulting pavement cross section should be used.
This chapter discusses both aspects,

7.2—Site design

Site design for pervious pavements requires a paradigm
shift from historical impervious pavement designs. Instead
of keeping the base dry under impervious pavements,
pervious pavements store water in the reservoir layer. Instead
of grading most of the site dramage toward the pavement,

site design should direct stormwater runoff from landscaping
areas and impervious surfaces away from the pervious pave-
ment to protect the interconnect voids within the pervious
pavement from sediment and clogging. Isolating the sedi-
ment sources can be accomplished from simple grade sepa-
rations to construction of structures depending on the site.

7.3—Structural design

7.3.1 Subgrade and subbase—The subbase is the aggre-
gate layer installed below the paving. The subgrade is the
s0il below the paving and the subbase. The subbase provides
vertical support, storage capacity, and filtering ability for
treatment of pollutants, Some soils may provide adequate
support and drainage, so the subbase may be optional. If the
support, draining abilities, or filtering abilities are limited by
the subgrade, however, then a subbase material should be
used. [n areas exposed to freezing-and-thawing cycles, the
rock subbase layer acts as insulation and provides a substan-
tial lag in the formation of frost beneath pervious pavement
(Béckstrom 2000; Kevern and Schaefer 2008). The subgrade
also provides vertical support for the paving. Increasing the
stiffness of the subbase and subgrade increases the load
capacity of a given paving system. Stiffness in the subgrade
can be measured by the modulus of subgrade reaction,
the California bearing ratio (CBR), or by a few other less
common methods. Table 7.3.1a, developed from ACI 330R
and Delatte (2014), provides typical stiffness values for

Table 7.3.1a—Recommended k-value ranges for various soil types (adapted from ACI 330R, AASHTO [1998],

and Delatte [2014])

AASHTO Class | Deseription ASTMAUSCS class | Dy density, It (kg/m®) | CBR, % k-value, psifin. (MPa/m)
Coarse-grained soils

A-l-a, well graded Gravel GW, GP 125 to 140 (2000 to 2240) 60 Lo 80 300 to 450 (81 1 122)
A-1-a, poorly graded 120 to 130 (1920 to 2080) A5 10 60 00 1o 400 (R1 ta 108)
A-1-b Coarse sand W 110 to 130 (1760 to 2080) 20 o 40 200 to 400 (34 1o 108)

A3 Fine sand h1g 105 to 120 (1680 to 1920) 15 to 25 150 to 300 (41 1o 1)

A-2 soils (gramular material with high fines)
:;: g :::l:: S.L]Tz_i:::ng;“;im GM 130 10 145 (208010 2320) | 4010 80 300 to 500 (31 to 136)
:;: :::j; Sﬂtf;g’;‘;&flm i SM 120 to 135 (1920 to 2160} 20 1o 400 300 to 400 (81 1o 108)
e i I opii oI Ge 12010 140 (1920102240) | 201040 | 20010450 (5410 122)
:j:g: :::j; cm}zr;:ﬂ-"vj]’j:gml sC 105 to 130 (1680 to 2080) 10 0 20 150 10 350 (41 to 95)
Fine-grained soils”

A4 Silt ML, OL S0 to 105 (1440 1o 1680) 408 25t 165 (7 1o 45)°
Silt/sand/gravel mixture 100 ta 125 (1600 to 2000) Sto 15 41 to 220 (11 to 60)°

A-5 Poorly graded silt MH 20 to 100 (1280 to 1600) 4108 2510 190 (Tto 517

A-6 Plastic clay CL 100 ta 125 (1600 to 2000) S5 2510 255 (7 o 69)°

A-T-5 Maoderately plastic elastic clay CL,OL S0 to 125 {1440 to 20400) 41015 25 to 215 (7 to S8Y

A-T-6 Highly plastic elastic clay CH, O | 8010 110 (1280 10 1760) 33 40 t0 220 (11 to 60)°

“k-value of a fine-grained soil is highly dependent on degree of salutation. > NeTSoation
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different types of soils and provides correlations between the
values calculated by the various methods.

Traditional pavement design attempts to exclude water
from entering the subgrade below the pavement. In most
cases, pervious paving is designed to encourage water to
saturate the subgrade below paving. This condition should
be considered when determining the properties for the
subgrade. The more a soil 15 compacted, the less porous it
becomes. For this reason, pervious paving subgrades are
usually compacted to a lower density than subgrades for
traditional concrete paving. The infiltration rate of the soil
should be measured per ASTM D3385 to input into the
hydrologic design. In some applications, such as pedestrian
uses, subgrade compaction may not be necessary.

ASTM DIBB3 defines a laboratory method for deter-
mining the CBR of a given soil that includes an option for
soaking the soil sample in water for %6 hours before testing,
This option should be used for testing fine-grained soils that
would be compacted to the compaction critena established
by the architect/engineer.

When specifying compaction for structural design, consid-
eration should be given to the effect compaction has on the
hydraulic properties of different soils. Compacting some
clay soils to 90% may cause a large reduction in perme-
ability, whereas compacting sandy soils to nearly 100%
may only have a minor effect. It is important, therefore,
to carefully examine the soils present on each project for
both structural and drainage capacities before specifying a
compaction range. Equally important is required field testing
of the subgrade for permeability after compaction to confirm
they still conform to structural and hydraulic calculations
used for the site.

Expansive soils are soils that change volume when subject
to changes in moisture content. Expansive soils can be miti-
gated by chemical treatment or by removing their upper
layers and replacing them with non-expansive soil. The
depth of soil replacement or soil treatment should be selected
so the downward soil pressure provided by the shallow
stable soil exceeds the expansive soil pressures generated
by increases in the moisture content of the deeper soil.
With lime stabilization, the permeability of a clayey soil 15
increased rapidly. Soils with higher clay contents and those
compacted on the dry side of optimum tend to show greater
increases in permeability with lime treatment. However, in
some cases, permeability will decrease with age (Bell 1993),
Soils treated with cement and fly ash show reduced perme-
ability after application (Little et al. 2000). Depending on

Table 7.3.1b—Effect of untreated subbases on
k-values (PCA 1984; Delatte 2014)

Subbase thickness, in. (mm)

Subgrade k-value, 4 in. b in. 9 in. 12 in.
psifin. (MPa/m) (100 mm) | (150 mm) | (225 mom) | (300 mm)
S0(13.5) 65 (17.5) T5(20) 85 (23) 110 (30)
100 (27) 130 (35) 140 (38) 160 (43) 190 (51)
200 (54) 220 (600 230(62) | 270(73) 320 (87)
3000(81) 320 (8T 330(89) | ATO(100) | 4MN@EBIS

the application, reduced permeability might be desirable for
applications such as water harvesting.

Some soils are subject to frost heaving. Soils located
above the frost depth should be removed and replaced by
soils that are not subject to frost heave. As indicted previ-
ously, an appropriate subbase has proven to be effective at
protecting porous pavements from frost heaving.

Adding a granular aggregate subbase below the concrete
paving increases the stiffness of the pavement support.
Table 7.3.1b, developed from ACI 330R-08 Table 3.2 and
Delatte (2014), indicates the increase in subgrade modulus
provided by different thicknesses of subbase. This granular
subbase can also be used as a reservoir for storing stormwater,

7.3.2 Concrete strength—Guidance for structural design
of conventional concrete pavements is provided i ACI 330R
for parking lots and in ACI 325.12R for streets and roads.
These documents cover many different aspects of paving
design. The structural design recommendations in these
documents, however, are not necessarily applicable for use
with pervious pavement. For example, the design tables in
these two guides are based on a minimum concrete flexural
strength of 500 psi (3400 kPa), and pervious concrete often
has lower strength. As there are no standardized test methods
for strength of pervious concrete, design and specification by
concrete strength presents concerns. It is, however, possible
to design based on strength estimates until adequate test
methods become available.

The ACPA PerviousPave design program allows the
engineer to design pervious pavements using either ULS.
customary or S1 units. The software may be used for hydro-
logical design as well as structural design of pervious
concrete pavements (ACPA 2014a).

For pervious concrete pavements, somewhat like conven-
tional pavements, the structural design is carried out first,
and then the drainage or hydrological system is designed.
The thicker of the two resulting cross sections is used for
the design.

Designing pervious concrete pavements based on fatigue
presents a bit of a problem, At this time, there are no stan-
dardized testing methods for fatigue of pervious concrete,
and little research has been done on the fatigue performance
of the material. As a result, this design approach should
be applied with caution for the time being. This caution is
provided in both the PerviousPave software and the backing
ACPA documentation (ACPA 2014a). The procedures can
be updated when better information on fatigue of pervious
concrete pavements becomes available.

In developing these design tables, concrete compressive
strengths are assumed to be 2000, 3000, or 4000 psi (13.8,
20.7, or 27.6 MPa), corresponding to flexural strengths
of 300 to 450, 400 to 550, and 500 to 650 psi (2.1 to 3.1,
2.8 to 3.8, and 3.5 to 4.5 MPa), respectively. There are
currently no accepted test methods for the flexural strength
of pervious concrete.

7.3.3 Pavement thickness sefection—For a given concrete
strength, pavement thickness selection is generally based
on subgrade support (k-value) and traffic. Subgrade support

miciswtdtiesrand adjustments for untreated bases are shown in
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Table 7.3.3a—5treet and parking lot traffic classifications from ACI 325.12R and ACI 330R (Delatte 2014)

Heavy commercial vehicles
(two axle, six tire, and heavier)
Street/parking lot classification VPD or ADT, two-way ™ Percent Trucks per day Category
Car parking only 0 0 Residential
Truck access lanes | b 10 Residential
Light residential 200 lto2 2w d Residential
Residential 200 o 1000 12 2w d Residential
Shopping center entrance and service lanes, bus, ruck parking 25 to 300 Callector
Collector 1000 1o BOOO Itns 50 to 500 Collector
Bus, truck parking 100 1o 700 Minor arterial
Minor arlerial S000 1o 15,000 10 300 w0 00 Minor arterial
Major arterial SO0 to 30,000 15 to 20 TOO to 1500 Major arterial
Business 11,000 to 17,000 4to7 400 to 700 Major arterial
Industrial 2000 to 4000 15 to 20 300 o 800 Major arterial
Heavy truck parking ] Major arterial

“Wehicles per dav or average dailv traffic.

Tables 7.3.1a and 7.3.1b. According to the ACPA (2014a)
PerviousPave program, the &-value may be input directly, or
the resilient modulus of the subgrade (MRSG) may be input
in psi or MPa, as well as the properties of the reservoir layer
or layers. One or two reservoir layers may be used, with
layer inputs in inches or mm. Unless pervious pavements are
placed directly on free-draining soils, reservoir base layers
are almost always used. Therefore, the subgrade k-value is
less important than for other light-duty pavements.

Traffic categories are defined by average daily truck
traffic (ADTT). ACI 330R and Delatte (2014) provide a full
discussion of this topic. The ADTT does not correspond to a
single-sized truck axle load. It assumes a collection of truck
sizes from small to large, with a high frequency of small
trucks and a low frequency of large trucks. Because the
heaviest trucks, even in small numbers, dominate the fatigue
damage of pavement, they should be the basis for traffic
category selection. The ACPA (2014a) PerviousPave traffic
categories are: residential/parking lot; collector; shoulder for
minor arterial; and shoulder for major arterial. The program
assumes that the shoulders only carry 10% of the traffic that
is carried by the mainline pavement. Traffic categories are
provided in Table 7.3.3a.

Concrete pavement thickness design i1s also influenced
by edge support. City streets often have curbs and gutters
tied to the pavement edge and or placed integrally with the
pavements. This reduces edge stresses and makes it possible
to build thinner pavements. Curbs and gutters can be built
first and used as side forms to construct street or parking
lot pavements.

For the case where edge support is not provided, pave-
ment thickness may be determined using Table 7.3.3b.
Table 7.3.3¢ is for pavements with edge support. These were
developed using PerviousPave and are based on a design life
of 20 years.

@seismicisolatio

As an example, consider a collector road with one-way
average daily traffic (ADT) of 1000 vehicles, with 5% trucks,
or 30 trucks per day. The subgrade is an SC, or sandy A-2-6
or A-2-7 soil, with CBR = 10 to 200 and k-value of 150 psifin,
(41 MPa/m). With 8 in. (200 mm) of crushed stone subbase,
this may be adjusted to a k-value of 200 psi/in. (54 MPa/‘m)
by interpolation of Table 7.3.1b. There is a concrete curb and
gutter, and the estimated flexural strength of the pervious
concrete is 400 psi (2.8 MPa). From Table 7.3, 3¢, the required
pavement thickness is 7.5 in. (191 mm). Further discussion
of this design example is provided by Delatte (2014).

One alternative for handling heavier traffic while retaining
the benefits of a pervious concrete pavement is to combine
the pervious concrete with conventional pavement, either
concrete or asphalt. In a parking lot, the parking stalls may
be made of pervious conerete while the rest of the pavement
15 asphalt or concrete, which drains onto the parking stalls.
Another alternative that has been used for four-lane city
streets 1s to pave the inner traffic lanes with conventional
concrete that drains onto the outer parking lanes thatare made
of pervious concrete. In these cases, the pervious concrete
should be designed to handle not only the rain that falls onto
it. but also the runoff from adjacent impervious surfaces.
This may also increase the risk of clogging the pervious
concrete with debris if not cleaned regularly (Delatte 2014).
Cleaning is discussed in Section, 8,10, Maintenance.

7.4—Stormwater management design

7.4.1 General—The major benefit of pervious concrete is
its hyvdrological performance. While regulations vary among
state stormwater agencies, local regulations often determine
how benefits can be derived from the hydrologic perfor-
mance of pervious concrete. Even within different geolog-
ical areas within a given city’s limits, the regulations have
been known to change. The basics of the technology are the
game, however, regardless of geographic area.
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Table 7.3.3b—Pavement thickness design table, no edge support (Delatte 2014)

CBR=12 Pervious concrete flexural strength
50 psifin. (13.5 MPa‘m) 450 psi (3.1 MPa) 400 psi (2.8 MPa) l 350 psi (2.4 MPa) 300 psi (2.1 MPa)
Traffic ADTT Required pavement thickness, in, (mm)
1 T(180) T.5(190) 8.5(215) 9(230)
Residential/parking lot
10 B (200) B.5(215) 9230 10 {255)
25 9(230) 9.5 (240) 10 (255) 11 (280}
Collector
300 9.5 (240) 10.5 (275) 11,5 (200) 12.5 (320)
100 9.5 (240) 10 (255) 11 (280} 12 (305)
Minor arterial shoulder 300 10 {255) 10,5 (275} 11.5 (2900 12.5 (320)
700 10.5 (275) L1 {280) 12 (305 13 {330)
700 11 (280) 12 (305) 13 (330 14 {355)
Major arterial shoulder
1500 11.5 (290) 12 (305) 13 (3300 14.5 (370)
CBR=3 Pervious concrete flexural strength
100 psifin. (27 MPa/m) 450 psi (3.1 MPa) 400 psi (2.8 MPa) l 350 psi (2.4 MPa) 300 psi (2.1 MPa)
Traffic ADTT Required pavement thickness, in. (mm}
) 1 6.5 (165) T(1%0) T5(190) 8 (200
Residential/parking lot
10 7.5 (190 & (200) 8.5(215) 9(230)
25 B (200) B.5(215) 9.5 (240) 10 {235)
Collector
300 Q{230 9.5 (240) 10,5 (273) 11 {280}
100 8.5 (215) 9 (230 10 {255) 11 {280)
Minor arterial shoulder 300 9(230) 9.5 (240) 10,5 (275) 1.5 (290)
T00 95240 10 (255) 1T (2800 12 (305)
700 10 (255) 10.5 (275) 11.5 (290) 12.5 (3201)
Major artenal shoulder
1500 10.5 {275) 11 (280) 12 (305 13 {330)

CBR =6

Pervious concrete flexural strength

150 psi/in. {40.5 MPa/m) 450 psi (3.1 MPa) 400 psi (2.8 MPa) 350 psi (2.4 MPa) 300 psi (2.1 MPa)
Traffic ADTT Required pavement thickness, in. (mm)
) | 6(150) 6.5 (165) T(180) B (200
Residential/parking lot
i) 7(180) 7.5 (190) £ (200) 9 (230)
25 7.5 (190} & (200) 9 (230) 9.5 (240)
Collector
300 B.5(215) 9(230) 9.5 (240) 10.5 (275)
100 B {200y #.5(2135) 9.5 (240) 10.5(275)
Minor arterial shoulder 300 8.5(215) G (230) 10 {255} 10.5 (275)
T00 G{230) 9.5 (240) 10,5 (275) 11 {280}
700 9.5 (240} 10 (255) 11 (280} 12 {305)
Major arterial shoulder
1500 9.5 (240) 10.5(275) 11 (280 12.5 (3200
CBR=10D Pervious concrete flexural stremgth
200 psifin. (54 MPa/m) 450 psi (3.1 MPa) 400 psi (2.8 MI'a) 350 psi (2.4 MPa) 300 psi (2.1 MPa)
Tratfic ADTT Required pavement thickness, in. (mm}
I 6 (150) 6.5 (165) T{180) T.5(190)
Residential/parking lot
10 6.5 (165) T(I8D) T.5(190) B5(215)
25 7.5 (190) B (200) B.5(215) 5.5 (240
Collector
300 8 (200) B.5(215) 9.5 (240) 10.5 (275)

@seismicisolation
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Table 7.3.3b, cont.—Pavement thickness design table, no edge support (Delatte 2014)

Minor arterial shoulder

Major arterial shoulder

CBR =26

100

300

700

700
1500

300 psifin. (81 MPa/m)

Traftic

Residential/parking lot

Collector

Minor arterial shoulder

Major arterial shoulder

ADTT
I
I
25
300
100
300
700
700
| 500

®(200)
8.5(215)
8.5(215)
B {230)
9.5 {240)

450 psi (3.1 MPa)

5.5 (140)
6.5 (165)
7 (150
7.5 {190}
7.5 (190)
# (200)
# (200)
8.5(215)
9 (230)

8.5(213) 9(230)

9(230) 9.5 (2400
9 (230} 10 (255)
9.5 (240) 10.5 (275)
10(255) 11 {280}

Pervious concrete Aexural stremgth

400 psi (2.8 MPa)

150 psi (2.4 MPa)

Required pavement thickness, in. (mm}

6 (150} 6.5 (165)
7 (180} 7.5 (190)
7.5 (190) 8 (200)
8.5(215) 9(230)
8 (200} 8.5(219)
B.50215) 9(230)
B.50215) 9.5 (240)
9230y 1 {255)
9.5 (240) 10.5 (275)

Table 7.3.3c—Pavement thickness design table, supported edges (Delatte 2014)

10 (255)
10.5{275)
11(280)
1.5 (290)
12 (305)

300 psi (2.1 MPa)

T (180}
8 (200
9 (230)
10 (255)
9.5 (240)
10 (255)
10.5(275)
11 {280)
11 (280)

CBR=2

Pervions concrete fexural stremgth

50 psifin. (13.5 MPa/m)

450 psi (3.1 MPa)

400 psi (2.8 MFPa) l 350 psi (2.4 MPa)

l 300 psi (2.1 MPa)

Trafic ADTT Required pavement thickness, in. (mm}
1 6 (150) 6.5 (165) T{180) T5 (1900
Residential‘parking lot
10 T(180) 7.5 (190) & (200) 8.5 (215
25 7.5 (190} & (200) £.5(215) 9.5 (240)
Collector
300 8.5(215) 9 (230) 9.5 (240) 10.5 (275)
100 8 (2000 B.5(215) 9.5 (240) 10 {255)
Minor arterial shoulder 300 8.5(215) 9 (2309 10 (255) 10.5(275)
00 9(230) 9.5 (240) 10 (255) 10.5 (275)
700 9.5 (2400 10 (255) 11 (2800 12 (305)
Major arterial shoulder
1500 9.5 (240) 10.5 (275) 11 (280) 12 {305)

CBR=1

Pervious concrete Aexural stremgth

100 psifin. (27 MPa/m)

450 psi (3.1 MPa)

400 psi (2.8 MPa)

350 psi (2.4 MPa)

300 psi (2.1 MPa)

Traffic ADTT Required pavement thickness, in. (mm)
1 5.5 (1400 6 (150} 6.5 (165) T (180}
Residential/parking lot
10 (150 6.5 (165) T(180) B {2041}
25 T (180) 7.5 (190 % (200) 8.5(215)
Collector
300 7.5 {190} & (200) 9 (230) 9.5 (240
100 1.5 (1900 8 (200} 8.5 (215) 9 (2300
Minor arterial shoulder 300 K (200) 850215 9 (230) 9.5 (240)
700 & (200 8.5(215) 9.5 (240) 10{255)
700 B.5(215) Q{230 10(255) 10.5 (275
Major arterial shoulder
1300 9(230) 0.5 (240) 10(255) 11 {280}
@seismicisolation
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Table 7.3.3c, cont.—Pavement thickness design table, supported edges (Delatte 2014)

CBR =6

Pervious concrete flexural strength

150 psifin. (40.5 MPa/m) 450 psi (3.1 MPa)

400 psi (Z8 MPa) |  350psi(24 MPa) | 300 psi (2.1 MPa)

Traffic ADTT Required pavement thickness, in. (mm)
[ 5(125) 5.5 (140) 6 (150) 6.5 (165}
Residential/parking lat
10 6 {150} 6.5(165) 7 (180) 7.5 (1940}
25 6.5 (165) 7 (180) T.5(190) (2007
Collector
300 T(180) 7.5 {190) 2.5(215) Gi230)
100 7 (180} 7.5 (190} 8 (200) 0230y
Minor arterial shoulder 300 7.5 (190} 8 (200) 3.5(215) 9.5 (240}
700 7.5 (190 B (200) 9 (230) 9.5 (240)
700 8 (2000} 8.5(215) 9.5 (240) 10 (255)
Major arterial shoulder
1500 8.5 (215) 9 [230) 9.5 (240) 10.5 (275
CBR=10 Perviows concrete flexural strength
200 psifin. (54 MPa/m) 450 psi (3.1 MPa) 400 psi (2.8 MPa) 150 psi (2.4 MPa) 300 psi (2.1 MPa)
Traffic ADTT Required pavement thickness, in. (mm)
| 5{125) 5.5(1400 6(150) 6.5 (165)
Residential‘parking lot
1] 5.5 (1400 6 (150) 0.5 (165) T(180)
Collector 25 6.5 (165) 6.5 (165) T.5(190) % (200)
300 7 (180} T.5(190) 8§ (200) B 230)
100 6.5 (165) T 180y 8 (200) 8.5(215)
Minor arterial shoulder 300 T (180} 7.5 (190) B (200) G (230)
700 7.5 (190) B (200 B5(215) 9.5 (240)
00 8 (200 £.5(215) 9(230) 10(255)
Major arterial shoulder
1500 8 (200} 8.5(215) 9.5 (240) 10(255)

CBR =16

Perviows concrete flexural strength

300 psifin. (81 MPa/m) 450 psi (3.1 MPa)

400 psi (2.8 MPa) 350 psi (2.4 MPa) 300 psi (2.1 MPa)

Traffic ADTT Required pavement thickness, in. (mm)
| 5(125) 5(125) 550140 G (150)
Residential/parking lat
10 35014 351409y 6(150) T(180)
25 6 {150 6.5 (165) T(180) 7.5 (1940}
Cuollector
300 6.5 (165) T180) T.5(190) 8.5(215)
100 6.5 (165) T1E0) T.5(190) £ (200)
Minar arternal shoulder 300 6.5 (165) T (180 8 (200) 8.5(215)
7040 T (180} 7.5 (190) B (200) G230y
700 T3 (190) 8 (200) £.5(215) 0.5 (240)
Major arterial shoulder
1500 L5 (190) 8 (200 9(230) 9.5 (240)

Attempts have been made to reduce the impact of urban-
ization by reducing stormwater runoff volumes to pre-
development levels and treating stormwater before it
leaves the site. In the United States, the National Pollution
Discharge Elimination System (NPDES) requires treatment
of all stormwater to reduce the pollutant levels of the water.
This is an empirical science, not nearly as exact as treat-
ment of drinking water supplies due to the variability of the
pollutant loads and flows, The technology is not intended
to purify water to a potable state because it 1s not practical,

much pollutant load as possible to discharge cleaner water
consistently and reduce the impact of urbanization on
water supplies,

Water supplies typically fall into two categories: surface
water and groundwater. Site development on sandy soils
with deep groundwater deposits may follow a design philos-
ophy of infiliration; discharging water to the groundwater
table as cleanly as possible with discharge to surface water
bodies only in heavy storm events. When site development
is on clayey or silty soils, or in regions of shallow bedrock,

economical, or necessary. The intent is only to rem@@8&i§Micisgialigife drainage should typically treat the water before
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&

Table 7.4.1.2—In-place pervious concrete pollutant removal studies compared to impervious pavement

Study Location Rain events sampled | Cor M TSS TP ™ Pb Zn Cu
Rushton {2001) Tampa, FL 12 to 30 L 26to 28 Wtosh | 3tobd? | 3Bo6¥ | 36t 353 | SEto 67
Dirake ct al. (2012) Vaughan, ON 30 to 45 C 79 — — -5 87 49
Selbig and Buer (2018} | Madison, W1 43 M 59 23 — — — —
Selbig et al. (2019) Madison, W1 84 M 05 43 — 54 52 49
Pilon et al. (2019) Alcoa, TN 5 C 97 e - — 31 -

Netes: C = reductions in pollutant concentrations measured; M = reduciions in pollutant mass measured; TSS = ioal suspended solids; TP = wtal phosphorous; TN = total mirogen;
Cd = cadmium; Pb = lead; #n = zinc; Cu = copper negative value mdicates contribution.

running off site to merge with a surface water body such
as a stream, river, or lake. On these low-permeability soils,
however, some water infiltrates during every storm, just as it
does in high-permeability soils; only the amount is less. The
cumulative effect on recharge and water-quality treatment
over the course of a year can be considerable.

7.4.1.1 There are three specific design features of pervious
concrete that the designer may benefit from: 1) reduced
runoff volume; 2) reduced treatment volume; and 3) reduced
impervious area on the site.

74.1.1.1 Reduced runoff volume—Reduced runoff volume
15 the amount of stormwater that developed property would
discharge to an adjacent land or water body in excess of
the predevelopment discharge volume. Such BMPs include
retention ponds, detention ponds, underdrains, swales, and
wetlands, Most of these BMPs consume valuable, develop-
able real estate. By eliminating or reducing the size of these
facilities, a project can be more profitable to the owner. This
may reduce the amount of real estate necessary or increase
the amount of income generating space.

7.4.1.1.2 Reduced treatment volume—Reduced treatment
volume is the quantity of stormwater that should be held
on site and treated before leaving the property. Treatment
may occur through a combination of chemical, physical, and
biological processes depending on the BMP type,

7.4.1.1.3 Reduced impervious area—Reduced impervious
area is the fraction of the land area that does not allow infil-
tration of rainfall at the start of a rainfall event; this usually
consists of buildings and pavements. Many municipalities
limit the amount of impervious area allowed on a given
project site.

7.4.1.2 The use of pervious concrete pavements as a reten-
tion or infiliration system BMP is effective for improving
runoff water quality and reducing runoff volume when prop-
erly maintained (Table 7.4.1.2). The 5t. Johns River Water
Management District (1999), for example, defines retention
to include pervious pavement with subgrade.

Reduction in drainage facilities from reduced runofl
volumes using pervious concrete has an economic benefit
to the developer. This economic benefit can be evaluated by
comparing the price of building a pervious concrete parking
lot to building a pond with drainage structures and buying
the associated land.

For a more thorough discussion of stormwater treatment
BMPs, refer to St. Johns River Water Management District
{1999). For general information on stormwater hydrology

Fig. 7.4 2—Fxample of landscaped area ai lower elevations
than pervious concrete pavement,

not linked to specific jurisdictions, refer to Ferguson (1994,
1998) and Debo and Reese (2002).

74.2 Reducing clogging potential—The designer of a
pervious concrete pavement can reduce clogging potential
by ensuring that the design of the site:

(a) Shows landscaped areas at lower elevations than the

pervious concrete pavement (Fig. 7.4.2), reduces to
a minimum the slope of the landscaped areas when
lower elevations are not possible, and includes a curb
to isolate landscaped areas that are at higher elevations
than the pavement.

(b) Minimizes so0il erosion of disturbed areas. Bare soil in
these areas should be avoided and the use of permanent
pasture and brush cover are recommended. Special
control measures, such as silt fences, should always be
used during construction.

(c) Prevents vehicles from driving from unpaved areas
onto the pervious concrete pavement.

(d) Does not lay in the path of wind from nearby unpaved
areas, beachfronts, or deserts and limits the amount of
stormwater flowing onto the pervious concrete from
adjacent, conventional (not pervious) pavements and
landscaped areas unless it can be shown that:

i. The volume of water from the conventional pave-
ment will be free of sediments

ii. The pervious subbase has been designed to
handle the water from the combined arcas

i Sufficient pervious conerete surface area to
catch leaves, litter, or other debris that may prema-
turely clog the pervious concrete between mainte-
nance periods
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7.4.3 Drainage design—Runoff is estimated through the
use of many accepted methods. Two of the more common
tools are the rational method and the soil conservation
service (SCS) curve number. With either method, the
designer should consider in the runoff analysis a variety of
input and output variables such as absorption, evaporation,
rainfall intensity, infiltration, and duration of the storm. Each
of these vanables will have an impact on the runoff volume
and the treatment volume necessary for the site.

The rational method uses a coeflicient to determine the
peak runoff rate for a given rainfall intensity and drainage
area. The runoff coefficient C accounts for land use, soil
type, and slope of the area. Typical values for C range from
0.05 for a flat lawn on a sandy soil to 0.95 for a rooftop.

Other types of pervious pavements have been assigned
runoff coefficients ranging from 0.65 to 0.95. For a pervious
pavement, the underlying soil type and its permeability will
have an impact on the runoff coefficient. In each rain event,
the underlying soil type and its permeability will have an
impact on the runoff coefficient. A well-maintained pervious
pavement will typically drain faster than the subgrade soils,
which limit the infiltration rate of the system.

Research (Wimberly et al. 2001) indicates that for certain
pervious concrete system designs—particularly those over
well-drained subgrades and subbases—the runoff coefficient
for pervious concrete is negligible for 2- to S-year storms,
and as low as 0.35 for 100-year storms.

Other studies (Haselbach and Freeman 20006) also indicate
that there will be reduced infiltration for systems overlain
with sandy soils but that the expected runoff coefficients will
still be very low for most storms.

Das (1993) showed that as the density of a soil increases,
the rate of infiltration, and thus the permeability of the soil,
decreases significantly, A decrease in the permeability of a
s0il would therefore justify an increase in the rational coeffi-
cient fora given design. Subgrade soils for a pervious concrete
pavement should, therefore, be compacted uniformly and
sufficiently to provide proper pavement support, but not
be over-compacted to reduce the permeability of the soils
and increase the rational coefficient. The Florida Conerete
and Products Association (1990) recommends compacting
sandy subgrade soils to a minimum density of 92 to 96% of
maximum dry density per AASHTO T 180, In other parts of
the United States, for other soil types, the compaction prac-
tices are different. Glacial tills have been compacted to 90 to
95% of the standard proctor; in the Carolinas, compaction
has been to 92% of the modified proctor; and in Georgia,
fine-grained soils are commonly compacted to 95% of stan-
dard proctor. In this situation, it may be necessary to add
an open-graded aggregate subbase (or recharge bed) to the
pavement system to compensate for the softness of subgrade
so1l, with the benefit of added retention volume.

With the SCS method (Soil Conservation Service 1986),
soils are classified into hydrologic soil groups (HSGs) to
indicate the minimum rate of infiltration obtained for bare
soil after prolonged wetting. The HSGs—A. B, C, and D—
are one element used in determining runoff curve numbers,

A-type soils have the highest permeability, with each letter
designation having lower permeability in B, C, and D soils.

This soil designation, in combination with the land cover,
will identity a curve number (CN). The CN value tells the
designer which curve to reference to determine the runoff
volume for a given storm event. This method is more
commonly used for generating a full hydrograph rather than
Just estimating peak flows. Pervious concrete pavements
have been assigned CNs ranging from 60 to 95. Once again,
the subgrade soil type, degree of compaction. and resulting
permeability have an impact on the CN and, thus, on the
drainage properties of the system.

When designing a pervious pavement system, such as a
retention or an infiltration system, the volume of both the
pavement and subbase should be considered (Paine 1990).
For example, consider a section of pervious concrete with
20% void space, Ina & in. (150 mm) thick pavement section,
this void space is sufficient to hold more than 1 in. (25 mm) of
stormwater. Additionally, if the pervious concrete 1s placed
on a 6 in. (150 mm) section of a crushed stone subbase,
the total capacity of the system increases to approximately
2-1/2 in. (65 mm). The minimum thickness of the pervious
concrete pavement will be determined by the structural needs
of the pavement system. It may be necessary, however, lo
build a thicker pervious concrete layer or subbase layer to
increase stormwater storage capacity, but this may not be
the most economical solution. If further capacity is neces-
sary, storage may be added above the pavement surface in a
curbed parking area (Fig. 7.4.3).

Other ways pervious pavements have been designed to
treat stormwater include the use of an underdrain system.
In this method, groundwater recharge may be limited due
to site soil conditions. The pervious pavement is placed
over a perforated pipe that is laid in a bed surrounded by
an open-graded aggregate. Stormwater infiltrates through
the pavement, through the gravel, and finds its way into
the pipe. From there, the treated stormwater is discharged
into a receiving water body. Treatment efficiencies for this
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Fig. 7.4.3—Schematic of pervious concrele pavement
designed as stormwater refention svstem. (Note: I in. =
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system average 66%. Additionally, there will be some direct
recharge of the groundwater that will reduce the total runoff
by as much as 33% (FCPA 1990) These percentages will
vary depending on soil type.

Further groundwater recharge systems may include the
use of drilled shafts backfilled with an open-graded aggre-
gate, passing through clayey soils to more permeable strata.
A typical design for this system might include a layer of an
open-graded aggregate subbase for the pervious concrete
pavement laying on the fine-grained site soils. The shafis
would be spaced regularly to provide sufficient recharge
capacity, The subgrade would have to be sloped to provide
positive drainage to the shafts. Treatment efficiencies for this
system would be expected to be similar to the underdrain
design. Recharge rates, however, would be expected to be
much higher.

Several other designs have been used to pass excess water-
quality volume, increase storage capacity, or increase treal-
ment volume. These include:

(a) Placing a perforated pipe at the top of a crushed stone

reservoir to pass excess flow after the reservoir is filled

(b) Providing surface detention storage in a parking lot,

adjacent swale, or detention pond with suitable over-
flow conveyance

(c) Adding a sand layer and perforated pipe beneath a

recharge bed for filtration of the water-quality volume

{d) Placing an underground detention tank or vault system

beneath the layers to store the treated water for reuse

Evaporation is another important factor in the caleulation
of water storage. Research shows that water stored in the
pervious pavement and subbase may evaporate (Wanielista
et al. 2007),

All the intricacies of a stormwater drainage design using
pervious concrete pavement will be strongly tied to local
practices and regulations. Refer to 7.4.3.3 for a sample set
of design calculations that has been published by the Florida
Concrete and Products Association (1990). Always review
the full text and local stormwater regulations.

Designers may want to consider adding redundant
drainage if the elevation of the finished paving surface is
close to any areas that would be significantly impacted by
occasional inundation. This can be as simple as grading the
pavement to gently slope away from a building.

In addition to runoff, the designer should approximate
pollution loads, including their nature and approximate
range of concentration. This information, combined with the
necessary hydrograph, will allow the designer to determine
the appropriate size and design of the stormwater manage-
ment system.

7.4.3.1 Design equations and soffware—As with conven-
tional pavements, the hydrological design is carried out after
the structural design. At present, two procedures are avail-
able for the hydrological design of pervious pavements. The
procedure used in PerviousPave is based on the Los Angeles
County Method, which assumes that the subbase/reservoir
layer is designed to hold the entire volume of runoff water.

The PerviousPave program uses the Los Angeles County

2{}14a). The total volume ¥ of water (in cubic meters or
cubic feet) to be drained by a pervious concrete pavement
may be calculated as

V=4, + 4 =1 (7.4.3.1a)

The Los Angeles County Method equation for determining
the required area of the pervious concrete is

A = (7.4.3.1b)

This is a conservative approach, which assumes that all
the rainfall 1s held within the reservoir layer. If some of the
water is held within the pervious concrete, or by ponding on
top of the pervious concrete with a curb, the equation should
be modified as follows

g ¥ (7.4.3.1¢)

Pt xh 4 oxh,

i

Because the area of the pervious concrete is typi-
cally governed by the site design, and the thickness of the
pervious concrete is determined from the structural design,
the key parameter here to be selected is the thickness of the
subbase or reservoir layer h,. Solving Eq. (7.4.3.1¢) for this
layer thickness

i{v
h.=:l‘4—#

&

)
k., —F %A, J (7.4.3.1d)

It is also necessary to check that the detention time, typi-
cally 24 hours, is not exceeded. The calculated detention
time, in hours, is

e (743.1¢)

Recommended £ values are 1/2 to 1 in, (13 to 25 mm) per
hour for sandy soils, 0.1 in. (2.5 mm) per hour for silty soils,
and 0.01 in. (0.25 mm) per hour for clayey soils (ACPA
2014a). If the system is very sensitive to infiltration, it may
be necessary to test the soil in the field per ASTM D3385.

This procedure is conservative because it assumes that first
the reservoir should hold the entire volume of rainfall, and
only then does it begin to drain out. In reality, of course, the
water infiltrates into the soil below while the rain is falling,
and thus the actual requirement for thickness of the reservoir
layer should be less.

T.4.3.2 Considerations for sloping pavements—Conven-
tional pavements are usually sloped for drainage. In contrast,
for pervious concrete pavements, cross slopes and crowns
are not necessary because the water goes into the pavement
instead of running over the top. The ACPA (2014b) provides
a discussion of slope considerations to supplement the Pervi-
ousPave program. Pervious pavements have been placed
successfully with slopes up to 16%. In some cases. trans-
verse trenches (or other check dam designs) with drainpipes

Method for hydraulic design (Rodden et al. @$8isvididolatioh?" be placed across the slope.
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In fact, because of the rapid flow of water through a
pervious pavement, it is possible for the water to flood
out of the low side of a slope. Therefore, a slope reduces
the available storage volume of a pervious concrete pave-
ment. The effective storage volume may be calculated using
Eq. (7.4.3.2a) (ACPA 2014b)

Effective volume (%) = L « 100 (7.4.3.2a)
2xsgxl

For example, for a 100 ft (30 m) long pavement 12 in.
{300 mm) thick, consisting of a 6 in. {150 mm) thick surface
layer and a 6 in. (150 mm) thick reservoir, on a 1% slope, the

effective volume would be
ho 0.3

= = 100 = 50%
2xgxf 2x001x30

Effective volume (%) =

Therefore, pervious concrete pavements should be as level
as possible to maximize storage volume. Otherwise, it may
be necessary to increase the thickness of the reservoir layer.
Another option is to provide a recharge bed or a well at the
toe of the slope, It is also possible to terrace the reservoir
layer or provide check dams (ACPA 2014h).

7.4.3.3 Design examples

Example 1: Flarida Concrete and Products Association
{1990)

Given:

The pavement should store the first 1/2 in. (13 mm) of
untreated runofl and recover that volume within a 72-hour
period following a storm,

The storage volume ¥, required in the pervious pavement
may be calculated as

V. =rainfall (in.) = A (acre) = 43,560 (ft*/acre)
« 1 (ft)/12 (in)) (fih) (7.4.3.3a)
V. = rainfall (mm) = 4 = 1 (m)/1000 (mm) (m’)

for a 1/2 in. (13 mm) first flush, then

F.=1/2(in.) = 4 % 43 560 (ft*/acre)
x 1 ()12 (in.) = 18154 (ft)
F.=13 (mm) = 4 = | {m)/1000 {mm) = 0.0134 (m*)

The Florida Concrete and Products Association (1990)
suggests that the storage capacity of a pervious pavement
system on sandy subgrade soils should include the void
space of the soil above the seasonal high groundwater table
and any storage of the pervious concrete pavement, This
storage volume may be calculated as follows

Vo=d=dy = py/100 (7.4.3.3b)

Vi=Axdy % pa/100 (7.4.3.3¢)

This is essentially the same as the Los Angeles
County method.

Upon completion of calculating the required water-quality
storage volume F, and deducting the subgrade soil volume
V, and available pavement storage volume V., the net differ-
ence will either be negative, indicating the requirements are
met, or positive, indicating that additional storage is neces-
sary. A granular subbase, such as an ASTM C33/C33M
MNo. 57 material with a void space of 30% or greater, could
provide additional storage. The area above the pavement 15
available for storage as well. The designer is cautioned that
when applying this design technique, however, the water
height for the infrequent design storm may cause the water
to rise above the pavement surface. The pavement elevation
should be lower than adjacent building floor elevations 1o
avoid flood damage.

The Florida Concrete and Products Association (1990)
gives further design examples for calculating the retention
capacity of a parking area, runoff quantity, and recovery
time. Some of these calculations are also given as examples
in Atlanta Regional Commission (2001).

Example 2: Delatte (2014)

This example follows the previous structural design. The
pervious pavement has a total area of 16,000 ft* (1486 m*)
and drains a nonpervious area of 32,000 fi* (2972 m?),
consisting of roofs, hardscapes, and other nondraining
surfaces. Thus, the ratio of drained nonpervious area to
pervious area 1s 2 to 1. The infiltration rate of the soil s
1/2 in. (12.7 mm) per hour, which would be on the low end
for a sandy soil. Silts and clays would typically have much
lower soil infiltration rates.

The water 1s not allowed to pond on the pavement surface,
and the pervious concrete surface layer is not included as
part of the hydrological design. These would be typical for a
climate where freezing and thawing are likely. The reservoir
layer is assumed to have 40% voids.

The design storm precipitation should be based on the
location of the pavement and should be the 24-hour precipi-
tation with either a 2- or 10-year return period. In the United
States, these may be obtained through the National Oceanic
and  Atmospheric  Administration. The PerviousPave
program provides 2- and 10-year storms for many cities
in the United States. For Cleveland, OH, USA, the 2-vear
storm 15 2.34 in. (59 mm). The maximum detention time 1s
usually set to 24 hours.

The results from the PerviousPave program are that the
volume of water to be processed is 9360 ft' (265 m®) and
the minimum reservoir layer required is 17.6 in. (446 mm),
which is more than the 8 in. (200 mm) provided.

There are a few options. The thickness of the reservoir
could be increased, which in most cases would probably
be the most economical approach. The size of the pervious
pavement could be increased, or the size of the nonper-
vious area draining onto it could be reduced. Alterna-
tively, other measures could be used to handle some of the
stormwater, or curb detention could be used to handle the
additional overflow.
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7.5—0ther considerations

The properties of in-place pervious pavement are highly
variable and subject to the skill and experience of the instal-
lation contractor and the concrete supplier. The concrete
properties used for design should be calibrated to local expe-
rience whenever practical, but due to the specialized nature
of the product and the need for qualified installers, it may be
advantageous to seek regional installers until qualified local
installers become proficient with the product,

Pervious pavement is usually placed, then screeded and
compacted, As pavement thickness is increased bevond 8 in,
(2000 mm), it becomes difficult to compact the full cross
section of the pavement with uniform results due to a limited
depth of influence of the roller. The top of the pavement will
become more compacted than the bottom of the pavement,
Because the strength of the pavement is increased with
increased density, the design of the concrete section should
consider this reduced strength at the base of the paving. At a
concrete plant in Oregon, four 10 in. (250 mm) porous pave-
ments were cut into beams to measure the difference in flex-
ural strength between the compacted top and bottom half of
the pavement. The results showed that while the top flexural
strengths varied from 310 to 485 psi (2.14 to 3.34 MPa).
the bottom portion of the test panels had a lower flexural
strength of 272 to 275 psi (1.88 to 1.90 MPa). While this is a
very limited test, it does show the noncompacted area of the
pavement was consistent and that significant strength gain
can be achieved by using compaction (Erickson 2006).

The void structure of a pervious concrete mixture not only
allows for the vertical transmission of water, but it will also
allow horizontal flow. This unique ability should be consid-
ered in establishing the drainage profiles. The vertical rate
of flow is dependent on the permeability of the subgrade
and on the thickness and porosity of the pavement. To the
greatest extent possible, parking area profiles should be
graded without slope. This will allow increased time for the
subgrade to absorb and transmit water to the lower strata
and reduce the horizontal flow rate. Where conditions do not
allow for flat grades, the designer may consider providing
impervious barriers transverse to the direction of hori-
zontal flow. These barriers can be installed by increasing the
consolidation of the pavement strip along the edge of trans-
verse construction joints. The increased consolidation closes
the void structure at this location, Installing transverse strips
of normal impervious concrete reduces lateral flow in the
down-grade direction. Curbs around the perimeter of the
paved area also assist in reducing lateral flow rates, as well
as meeting the stormwater retention requirements. Subbase
erosion and damage to the pavement can occur if insuffi-
cient steps are taken to control the volume and velocity of
the water flowing through the subbase and subgrade. Edge
curbs or other structures to prevent this erosion should be
constructed along all areas where the potential exists for
water to flow under the pavement.

7.5.1 Pervious pavement maintenance—One nonstruc-
tural component that can help ensure proper maintenance of
pervious concrete pavement is a carefully worded mainte-

how to conduct routine maintenance and surface repairs
or rehabilitations. Signs should ideally be posted on the
site that identifies pervious concrete pavement areas. Such
signs should direct maintenance crews to the local NPDES
enforcement authority and might read, “Pervious concrete
pavement is used on this site to reduce pollution. Heavy
vehicles prohibited. Do not resurface with nonpervious
material. Call XXX-XXX-XXXX for more information.”

Designers can account for the clogging potential of
pervious concrete pavement in their drainage design. If a site
is designed for a government facility, such as a stormwater
utility with an existing maintenance program and staff, clog-
aing would not be considered. In private development where
maintenance may not be performed, the designer may add
a factor of safety to the stormwater design to account for
the anticipated level of clogging and accompanying reduc-
tion in the porosity of the pervious concrete pavement. Some
specific case studies of field performance and clogging are
provided in reports by Wanielista et al. (2005) and Delatte
et al. (2007).

7.5.2 Pervious area credit—Many municipalities
encourage green space and a reduction of runoff in develop-
ment through restrictions on the amount of impervious area
on the project site, Typically, impervious area is limited to 25
to 75% of a developed piece of property. Due to the nature
of a pervious concrete pavement, it should not be considered
impervious. With concerns over green space, however, it is
rarely counted as pervious area. It is common, however, for
municipalities to assign a pervious area credit for pervious
concrete. Different municipalities have used values of 25,
50, or 100%, which to the owner means a reduction in
required grassy or undeveloped area on the project site and
an increase in the area that can be developed.

As an example, consider a project site that is | acre
(43,560 ft* [4046 m*]), with 10,000 fi* (930 m*) of a pervious
concrete parking lot. If the local municipality requires a 30%
pervious area on the project site, then the site design would
be limited to having 30,500 ft* (2800 m*) of impervious area.
This includes the building, sidewalks, and parking areas,
and assumes no credit is given for the pervious concrete,
With a 50% pervious area credit for the concrete parking
lot, the developable area would be expanded to 35,500 fi*
(3300 m*)—a 16% increase in the amount of usable land on
the site. This can make a project much more appealing to a
developer, and with a reduction in undeveloped land, there
can be a similar reduction in urban sprawl, as smaller sites
could be used to fulfill specific development needs.

Local agencies are faced with the ever-growing regula-
tions requiring stormwater treatment. [t may be in their best
interest to increase the percentage of credit given to pervious
parking areas to the actual percent of runofl retained on-site
to encourage more people to use the technology. Pervious
concrete allows the city to grow with much less stress on
storm drainage infrastructure. Because pervious concrete
pavement allows water to flow back into dwindling aquifers,
it offers a very rare opportunity to change stormwater from a
liability into an asset,
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CHAPTER 8—PERVIOUS PAVEMENT
CONSTRUCTION

Construction of pervious concrete pavements should
comply with project plans and specifications to provide a
finished product that will meet the owner’s needs and local
regulations (ACI 522.1). Successful construction starts with
thorough planning. A preconstruction conference, construc-
tion of test sections, or both, are recommended to address
issues such as:

(a) Confirming that all project personnel are working from
the latest set of plans and specifications, and all revi-
sions are documented

b} Veritying that all required documents and submittals
have been completed

(c) Determining the construction sequence and joint
spacing

(d) Arranging the staging area for equipment, mate-
rial, jobsite trailers, personnel needs, and safety
requirements

(e) Arranging adequate access for concrete delivery trucks
and concrete conveying systems

(f) Selecting the optimum equipment for project size and
anticipated conditions

{g) Coordinating on-site inspections, materials testing,
or both. Inspectors and testing personnel should be
included in conferences, test panel placement, and
testing

(h) Verifying the proposed mixture design, material and
admixture availability, and proposed delivery schedule
with the concrete supplier

(i) Verifying that the pervious concrete contractor, concrete

plant personnel, and testing personnel {Section 9.3) are
adequately qualified

(i) Coordinating the test panel placement

(k) Confirming site work requirements

(1) Coordinate responsibilities with respect to curing and

protection

8.1—General construction principles

The characteristics of pervious concrete dictate a construc-
tion process notably different from that for normal cast-in-
place concrete (Offenberg 2005). The construction process
is completed in the following general sequence: the pervious
concrete is deposited, screeded, compacted, and jointed, and
then is immediately cured with an approved spray-on curing
compound and plastic sheeting, or just plastic sheeting.
Equipment that has been used successfully to place pervious
concrete includes both single-, double-, and triple-tube
counter rotating roller-sereeds; plate compactors; slipforms;
laser screeds; high-density asphalt pavers; and machines
specifically made or modified for placing pervious concrete.
Finishing procedures should be employed that do not seal
the surface. The amount and consistency of the cementi-
tious material materials in the mixture will dictate which
finishing procedures are appropriate to ensure a durable yet
permeable surface. The amount of time needed to finish the
pervious concrete 1s significantly different than for conven-

tional concrete because there is no delay between placing
and finishing required to allow evaporation of bleed water.

No matter what equipment is used, a pervious pavement
cannot be successfully constructed unless the concrete
placed has the correct consistency. If the pervious concrete
is too dry, there will be issues with cohesiveness and with
low cement hydration. Problems observed for mixtures
that are too wet result either in sealing the surface voids or
the paste fraction drains down, leaving a weak structure,
and possibly clogging the pavement bottom. Admixtures
and techniques, including hydration stabilizers, viscosity
modifiers, water reducers, and internal curing, are helpful
in producing and maintaining the proper consistency of
pervious concrete. The low water content and porous struc-
ture, which exposes paste surfaces to evaporation, requires
that delivery and placement be completed rapidly so that the
sheet membrane curing can be in place quickly. The allow-
able time the fresh conerete can be exposed may be signifi-
cantly reduced depending on environmental conditions, such
as the potential for rapid evaporation. The porous structure
also makes pervious concrete more sensitive to low tempera-
tures during and after placement, thus dictating heightened
attention to cold weather concreting practice. Temperatures
below 50°F (10°C) can extend the minimum hardening time
before opening to traffic.

8.2—Subgrade/subbase preparation

The subgrade is the bed on which the pavement structure
is constructed and can be either native materials or imported
fill. In some cases, pavement will be placed on a subbase
of clean gravel or crushed stone, which may be used as a
stormwater storage basin. If the compacted site soils or
imported fill have sufficient percolation rates and the project
is not located in an area where freezing and thawing is a
concern, then the gravel subbase may not be required. The
project engineer should make this determination based on
local regulations, soil infiltration rate, stormwater volume,
anticipated traffic loads, and pavement purpose.

When the subgrade soil properties require that a rock
subbase be placed below the pavement as a stormwater
storage basin, either a choker course or nonwoven, geotex-
tile/filter fabric may be placed between the layer of rock and
prepared subgrade. Geotextile allows water to pass through
but keeps the soil in the subgrade from intermingling with the
voids of the subbase layer. However, there are concerns in
areas with heavy sediment loads that the fabric can clog over
time and prevent water from migrating into the subgrade.

Well-prepared, uniformly compacted subgrade and
subbase at the correct elevations are essential to the construe-
tion of quality pavement, The subgrade and subbase should
not be muddy, saturated, or frozen when placement begins.
In addition, the subgrade and subbase should be moistened
before concrete placement begins. Watering the base in hot
weather helps reduce its temperature and reduces the chance
of accelerated hydration that can result in a reduction in
pavement strength and could lead to premature pavement
failure. To provide a level surface for pavement construc-
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tion, wheel ruts should be raked out before concrete place-
ment begins,

8.3—Placing

A well-planned construction layout can expedite construc-
tion operations, permit efficient use of placement equip-
ment, and provide access for concrete delivery trucks. The
contractor and designer should agree on joint layout and
construction methods before construction begins. A drawing
showing the location of all joints and the placement sequence
should be available for reference. Locations of fixed objects
should be established with the joint pattern and construction
methods in mind. The approved jointing pattern should be
marked on the forms or base as shown in the jointing plan
prior to placement.

Pervious concrete placement should be completed as
quickly as possible. Pervious concrete has almost no excess
water in the mixture and is ready to finish as soon as it is
placed on the ground. Fresh material exposed to the elements
may quickly lose water that is needed for hydration. This fast
drying of cement paste can lead to loss of strength and future
raveling of the pavement surface. All placement operations
and equipment should be designed and selected with this in
mind. Equipment should be scheduled for rapid placement
and curing of the pavement. Unless otherwise specified,
begin curing within 10 minutes of concrete discharge, unless
other steps are taken to extend placement and finishing time.
In particularly hot or dry climates, these requirements may
be reduced to curing within 10 minutes of discharge or 10 fi
{3 m) after screeding operations,

8.3.1 Forms—Typical pervious pavement construction
requires the use of edge forms, as is also typical for conven-
tional cast-in-place slab-on-ground construction. Forms
may be made of wood, plastic, or steel. The top of the form
should be at the top of concrete elevation. Forms should
be of sufficient strength and stability to support equipment
used for screeding and compacting during placement. The
subgrade and subbase material under the forms should be
compacted in accordance with the designer’s specifications.
The length of the form pins should be selected based on the
type of subgrade or subbase material. Enough form pins
or stakes should be used to resist movement and bending.
Kicker stakes may be required to prevent deformation of the
formwork during edge compaction. When roller screeds or
other compaction equipment will be overlapping the forms,
it is important to remember that stakes and form securing
materials be kept below the top of the forms to avoid
impacting finishing and compaction operations. All forms
should be cleaned and coated with the appropriate release
agent as Necessary.

8.3.2 Depositing concrete—Concrete should be deposited
as close to its final position as practical. This 1s commonly
accomplished by direct discharge from the chute of the mixer
truck directly onto the subgrade or subbase (Fig. 8.3.2a).
Generally, only one section of chute can be added to the fold
down/flop chute section-mounted on the mixer truck, limiting
the width of placement lanes to 15 ft (4.5 m). Some suppliers

Fig. 832a—Placement af pervious concrete by rear-
discharge concrete truck (photo courtesy of 8. Erickson).

Fig. 8.3.2b—Use of conveyor to place pervious concrete.

that mixers cannot reach, or where the soil disturbance is to
be minimized, a conveyor belt or other means of convey-
ance may be used (Fig. 8.3.2b). Care should be taken to
inspect the mixture after conveying because some paste may
be lost when using a belt placer. If not periodically cleaned,
the excess paste can drop onto the fresh surface, clogging
the pores. Afier the concrete is deposited, edge compaction
should be completed in layers to the top of the final grade
prior to strikeoff. The mixture should be deposited and cut
to a rough elevation slightly above grade with a concrete
rake or similar hand tool (Fig. 8.3.2¢). Care should be taken
to maintain the void structure, Over-vibrating and applying
water to the pavement surface can cause surface sealing and
15 not recommended. Workers should minimize walking in
the plastic concrete to prevent areas of differential concrete
compaction and contamination with deleterious material.
8.3.3 Riser strips—If additional compaction is desired,
riser sirips may be placed on top of the forms to provide
an initial strikeoff elevation. These strips vary from 1/4
to 3/4 in. (6 to 19 mm) thickness; the necessary thickness
will depend on the required surface compaction, thickness

offer half-chute sections to extend the range. Fotpdagemenitsolationf the pavement section, the aggregate used in the pervious
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Fig. &3 2c—Raking pervious concrete to rough elevation
(photo courtesy of J. Kevern).

Fig. 8 3 4—Finishing pervious concrete using a cross roller
(photo courtesy of B. Banka),

concrete, and the contractor’s placement methods. Refer to
Section 8.4 for more details.

8.3.4 Placing equipment—Placement methods vary
depending on the project size, desired surface texture, and
mixture workability. For small jobs such as driveways or
for tight areas, a handheld straightedge or roller screed 15
acceptable. For larger jobs, roller screeds are common
(Fig. 8.3.2¢). When a straightedge or truss screed is used,
a static roller is required for compaction unless otherwise
allowed by the mixture specification, Weighted spinning-
tube screeds (roller screeds) that maintain a head of material
in front of the screed offer initial compaction and therefore
may not require the same thickness (if any) for the riser and
may eliminate the need for additional compaction with a
static roller, I a roller screed 1s used, additional finishing
is commonly completed with an adequate cross rolling tool
(Fig. 8.3.4). The head of matenal in front of the rotating
screed is critical to provide enough compaction to reduce
riser strip thickness or to discontinue use of the static roller,
When using this process, the mixture should be properly
proportioned with a relatively fluid consistency to achieve
adequate compaction.

Laser screeds, asphalt pavers, and concrete slipform equip-
ment have been used for placing large volumes of pervious
concrete in pavements. This process requires specialized
expertise and experience in mixture proportioning and place-
ment technigques. The key is that proper mixture consistency
should be verified for the selected method,

8.3.5 Miscellaneous tools—Traditional conerete finishing
tools such as edgers and come-alongs (a tool that looks like
a hoe and has a long straight-edged blade) may be used to
tacilitate proper placement of pervious concrete. Bull floats
and traditional concrete trowels should not be used unless
the installer can demonstrate the ability to finish the mixture
without sealing the surface or damaging the cement bond
between aggregates. All finishing operations should be
completed quickly and before the mixture begins to lose
its sheen and starts setting. Manipulating a mixture after
the initial set has begun will damage the bond between the
cement and the aggregate and may result in surface raveling.
After fimishing and primary compaction has been completed.,
a secondary cross roller is often used to improve surface
smoothness by reducing transverse waves caused from
forward movement of the roller screed. The cross-roller is
relatively light and used perpendicular to placement, similar
to bull floating in conventional concrete, The cross roller
does not provide any significant compaction but serves to
reduce transverse high points created during screeding.
Cross rolling on top of the plastic helps seat the plastic to
the fresh concrete and prevents concrete from sticking to the
roller (Fig. 8.3.4). However, this practice can prevent the
craftsman from clearly identifying pavement surface defects
that could be corrected by additional cross rolling.

8.3.6 Using pavement as a form—Special care should
be taken when placing a pervious concrete section next to
an existing placement, especially from the previous day
(same-day, side-by-side placements, using mechanical
equipment is not recommended). The following is the
recommended procedure:

1. Carefully peel back the curing sheet that is covering the
existing placement to expose the edge of the pavement.
Care should be taken to keep as much of the previous
placement covered as possible. Wet the uncovered area
with water. Wetting is recommended to replace mois-
ture loss caused by removing the plastic and reduces
the chance of the fresh mixture losing moisture when it
contacts the warm or dry existing placement edge.

2. Place a rniser-strip or protective sheet on top of the
finished placement and along the edge.

3. Place fresh pervious concrete up to the edge of the
existing pavement and compact the fresh mixture to a
level above the finished grade so the screed will strike
the fresh mixture off to finished grade.

4. Using sheet metal or other thin-gauge matenal to
protect the adjoining pavement, strike off the freshly
placed pervious concrete to the proper elevation, being
careful not to impact the existing placement.

5. Continue with roller compaction and finish as usual,
making sure to align joints with previous placement.
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6. Cover any exposed surfaces of the existing placement
and cover the new placement with curing sheeting.

8.4—Compaction and finishing

The goal when finishing pervious concrete is providing
compaction/densification of the mixture while maintaining
an adequate void system. The compaction of the pervious
surface creates a stronger bond between the aggregates
and reduces the size of surface voids. This helps capture
sediment particles close to the surface where they can be
removed easier than if lodged deeper in the pavement. Edges
are particularly vulnerable and should be compacted prior
to screeding. One method of edge densification is to have a
worker walk on the fresh pervious concrete along the edge
to compact by stepping on the mixture (with a clean boot)
parallel to the form. By applying their weight to the mixture,
sufficient compaction will occur. This process may need to be
repeated to ensure the compacted edge is left slightly higher
than finished grade so the screed will cut the compacted edge
to final grade. Other methods to compact the edge include
the use of a tool such as a tamper or rake.

8.4.1 Roller screed—The most common pervious concrete
compaction and finishing method uses a hydraulic, electric,
or gas-powered roller sereed to perform both the strike-off

Fig, 8.4.2a—Fxample of using a weighted fresno to corvect
cross raller marks.

Fig. 8.4 2b—Fdging pervious concrete (photo_courtesy of
@seismiciso

M. Offenberg),

and compaction (Fig. 8.3.2¢c). The hollow tube is typically
filled with water or sand to increase the screed weight for
compacting the fresh concrete. A head of fresh concrete is
maintained in front of the roller to ensure consistent density
and surface texture.

8.4.2 Post-compaction finishing—Some situations require
extra effort to ensure a quality pavement. Where ride quality
15 of special concern, as in drive lanes, the pavement may
require the use of pervious mixtures that allow the installer
to use fimishing tools that allow a smoother finish than is
possible with a cross roller alone. Weighted fresnos, spin-
ning pan floats, or other wide tools capable of smoothing out
vertical deviations should be allowed as long as the tool does
not result in a sealed surface (Fig. 8.4.2a). All edges should
be tooled, even against curbs, to reduce raveling because the
curb and pavement will move independently (Fig. 8.4.2b).
Care should be taken to make sure that proper compaction,
finishing, and edging take place within minutes of place-
ment. After strikeoff, compaction, and edging, any finishing
operations that must take place should start without delay.

8.5—Jointing

Contraction joints, sometimes referred to as control joints,
should be installed as indicated by the plans. They should
have a depth of one-third to one-fourth of the thickness of
the pavement. Joints may be installed in the fresh concrete
with special tools or conventional saw cutting after the
concrete hardens. Shrinkage cracks will occur in pervious
concrete as well as in conventional concrete and can occur
in large placements even before the concrete has had time to
cure enough for saw cutting. Conventional concrete jointing
tools may be used for small placements such as sidewalks.

If the contraction joints are saw-cut, the procedure should
begin as soon as the pavement has hardened sufficiently to
prevent damage to the surface. Only the minimum amount
of polyethylene cover material should be removed that is
required to saw cut the pavement. After sawing, the exposed
areas should be flushed with water to clean the fines gener-
ated by sawing and ensure that sufficient water is present for
proper curing. Immediately recover the exposed area with
the polyethylene covering sheet as soon as saw cuts have
been completed.

8.6—Curing and protection

The open pore structure of pervious concrete makes curing
particularly important because of the larger paste surface
area exposed to drving. Strikeoff, compaction, and curing
operations should be kept as close together as possible to
prevent the top surface of the pervious concrete from drying.
Immediate curing of pervious concrete is vital for perfor-
mance. Under favorable conditions of high humidity and
low wind velocity, the cover material should be placed no
later than 20 minutes following discharge. Under more
severe environmental conditions, the cover material should
be placed sooner.

There are currently two methods of curing pervious
concrete using polyethylene sheeting, The first method is to

|atiomse a thin painters poly, which is 33 mil, that, when stapled to
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the forms and pulled snug, will allow for a shrink wrapping
of the poly and keep the concrete from sticking to the roller
when cross rolling is performed. The thin plastic sheeting
is placed prior to being covered for the required curing
period with a heavier poly sheeting that will greatly reduce
any marks left on the concrete once the curing material is
removed. A second method is to cross roll directly on top
of the heavy plastic sheeting, which keeps the roller clean
and acts as the curing material for the required curing period
but is prone to leaving lines in the concrete from the mois-
ture that rises through the concrete and is then deposited on
top of the pervious concrete. These marks are only aesthetic
blemishes that do not harm the durability of the pervious
concrete. The cover material should be heavy-duty polyeth-
ylene sheet, meeting the requirements of ASTM CI171, and
of sufficient dimension to cover the entire width of pavement
{Fig. 8.6a). Woven materials such as burlap and geotextile
fabric should not be used, as they cannot maintain suffi-
cient moisture in the concrete. For most pervious concrete
mixtures, spray-applied curing compounds alone do not
produce acceptable results, When adverse ambient weather
conditions exist, such as high temperature, high wind, or low

Fig. 8 6a—Demanstration of curing with plastic sheeting
immediately after compaction (photo courtesy of C. Martin},

Fig. S.6b—Example of use of sandbags to hold down curing

material (photo courtesy of J. Kevern),

humidity, an evaporation reducer may be lightly sprayed on
the surface before covering with plastic sheeting.

The polyethylene cover should completely cover all
exposed concrete surfaces and should be secured in place
outside of all pavement edges to prevent evaporation from
the concrete and to also prevent being displaced by wind.
Individual sheets should have sufficient overlap to provide
an adequate seal. Reinforcing bars, lumber, sandbags, or
concrete blocks may be used to secure the polyethylene
cover to prevent it from being blown off (Fig. 8.6b). Fine
materials such as soil or sand should not be placed on top
of the polyethylene cover, as they may wash into the pores
of the conerete during a heavy rainfall, or during removal
of the cover. If wooden forms are used, the riser strips may
be used to secure the sheets in place. The sheets should first
be attached to the top of the form on one side of the lane by
reattaching the riser strips to the top of forms with button-
cap nails, with the polyethylene sheet sandwiched between
the form and riser strip. The sheet should then be pulled
as tight as possible to eliminate creases and minimize the
possibility of discoloration or striping of the concrete. All
surfaces of the pavement should be covered properly. Not
doing so may result in raveling of the exposed areas. Any
loss of moisture, such as from wind getting under secured
plastic, can be detrimental to the proper curing and strength
development of the pavement.

The owner should be made aware of possible discolor-
ation of the pavement surface due to the differential curing
under the plastic sheeting. Discoloring oceurs when surface
tension causes high-pH water to accumulate against the
plastic sheeting. When the water evaporates, surface efflo-
rescence remains, Over time, the discoloration should fade
until the color is consistent, Discoloration may be removed
with a light application of dilute muriatic acid. If muriatic
acid 15 used to reduce surface discoloring, test the concentra-
tion and effectiveness in a noncritical area to verify that the
selected concentration does not cause paste degradation or
surface raveling.

For proper curing, the pavement should typically remain
covered for at least 7 days for plain cement concrete
mixtures, and 10 days for concrete mixtures that incorporate
supplementary cementitious materials such as fly ash or slag.
It may be necessary in cold weather to increase these typical
curing times, Increased curing times under plastic do not

¢

=
Fig. 8.6c—Painted lines visible on pervious concrete pave-
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increase the strength significantly beyond 7 days; however,
additional curing time does result in improved abrasion
resistance (Kevern et al. 2009b). Paint striping should be
applied only after the curing period has passed (Fig. 8.6c).
No traffic should be allowed on the pavement during curing.
The contractor should take measures to prevent damage to
the pavement due to abuse from other construction opera-
tions., Specifically, one should prohibit premature removal
of the curing material and prevent any traffic on the pervious
concrete pavement. Additionally, the contractor should not
allow storage of any materials on the pavement, other than
those items that are used to hold down the plastic sheeting.

8.7—Cold weather protection

Pervious concrete is more sensitive to cold weather than
conventional concrete (Section 8.1) and, therefore, pervious
concrete construction may be suspended or curing blankets
used when ambient temperature during, and 1 day afier,
placement is expected to fall below 40°F (4°C). Hydration
stabilizing and retarding admixtures are common in pervious
concrete mixtures to help extend workable life. Because of
the set-delaying admixtures, less heat is generated or retained
by pervious concrete to assist hydration. Also, because of the
delaved set and rapid evaporation caused by the open pore
structure and low w/c, hot water should be used with care
when batching pervious concrete in cold weather. During
curing, measures should be taken to protect the pervious
concrete from freezing while maintaining moisture for the
time necessary to achieve the desired strength. Curing blan-
kets work sufficiently well to serve this purpose. If the pave-
ment is installed in temperatures lower than 50°F (10°C),
the contractor should protect the concrete from freezing
and record the concrete temperature no less than twice per
24-hour period in accordance with ACT 306.1. Additionally,
the contractor should submit detailed procedures for the
production, transportation, placement, protection, curing,
and temperature monitoring of the concrete.

8.8—Hot weather protection

In hot weather, transporting, placing, and compacting
should be completed as quickly as possible. Mixtures
containing admixtures, especially hydration stabilizer, will
require more admixture in hotter or drier conditions. After
consolidation and before placing the polyethylene sheeting,
the surface may be misted with water or an evaporation
retardant if the surface appears to be losing its sheen appear-
ance. If weather conditions lower the working life of the
mixture enough to prevent all installation procedures to take
place before the mixture loses its metallic sheen, the place-
ment should be suspended until ambient conditions improve.
When hot weather is anticipated, the contractor should
submit detailed procedures for the production, transporta-
tion, placement, protection, curing, and temperature moni-
toring of the pervious concrete.

CHAPTER 9—QUALITY CONTROL AND
ASSURANCE INSPECTION AND TESTING

9.1—General

Aswith any engineered material, itis important to verify the
quality of a pervious concrete pavement. Tests performed on
the subgrade and subbase conditions are to ensure adequate
density, support value, and permeability. Testing of the
pervious concrete mixture should be conducted for the fresh
and hardened properties of the conecrete for quality assur-
ance of adequate density and thickness. As with all concrete,
cooperation and good communication between the producer,
contractor, and testing agency are important to ensure proper
testing and allow for a high-quality final product.

ASTM  Subcommittee 0949 developed three test
methods  specifically  for  pervious concrete (C1688/
Cl688M, C1701/C1701M, and C1747/C1747M), allowing
for standard measurement of the fresh and hardened density
and void content, the infiltration, and the raveling potential
of the mixture. Many of the present ASTM and AASHTO
testing methods are applicable (o a pervious concrele pave-
ment installation. Due to the physical characteristics of
the material, however, not all traditional concrete tests are
appropriate for pervious concrete.

Quality control for pervious concrete can be divided into
preconstruction mixture development and site qualification,
production testing, and inspection of the fresh conerete mate-
rial, including test panels where testing targets are estab-
lished, and post-construction qualification and testing of the
completed pervious concrete system. These three categories
are further delineated in the following.

9.2—Preconstruction inspection and testing

As with other paving materials, preconstruction testing
should be used as the primary means for mixture develop-
ment. Pervious concrete producers should establish reliable
data and history for their pervious concrete mixtures, There
are several tools that can be used by producers for mixture
development and evaluation. As mentioned in Chapter 4,
ASTM C29/C29M can be used to determine the dry rodded
unit weight and void in the coarse aggregate. ASTM D1747
is especially useful for mixture development. It can be
used to compare several potential mixtures with the goal
of producing the most durable pavement. ASTM CI1688/
C1688M may be used to generate a fresh void-density rela-
tionship for the pervious concrete mixture being developed.
A detailed study of procedures can be found in Kevern
et al. (2009d), A similar procedure can be used with 4 in.
{100 mm) specimens and ASTM C1754/C1754M to develop
a relationship between fresh density per ASTM CI1688/
C1688M, hardened density, and void content for the specific
pervious concrete mixture combination,

Preconstruction inspection of the site should also be
performed. Determining the permeability of the base and
subgrade soil is particularly important in the design and
construction of the pervious concrete system. Basic tests
of the properties of the subgrade should include a particle

@seismicisolatiosize analysis (ASTM D422), classification (ASTM D2487;
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ASTM D2488), and standard or modified proctor test
(ASTM D69E; ASTM D1557) or maximum/minimum index
density (ASTM D4253; ASTM D4254) for noncohesive
soils. The results of these tests will provide the designer with
the input data for the pavement design.

The standard percolation test used for designing septic
ficlds is not an appropriate test for determining subgrade
permeability for pervious pavements, but a double-ring
infiltrometer {(ASTM D3385) or other suitable test should
be performed to adequately test the permeability, For small
projects, these tests may not be necessary, especially if the
designer has previous experience with similar soils.

Normal soil testing procedures for subgrade density
{compaction) in accordance with a standard test procedure
should be performed before concrete placement as part of
a normal quality-control plan. Where subgrade materials
are cohesive in nature, inspections should verify that they
have not been sealed off prior to placement of the subbase
aggregate. It should be noted that subbase materials are often
gap-graded and are not moisture-sensitive. For these mate-
rials, relative density should be specified rather than using a
proctor-determined maximum dry density.

Often, subgrade and subbase materials are placed and
inspected early in the construction schedule but are clogged
or otherwise impacted by construction operations that take
place prior to pervious concrete placement. The subgrade
and base materials should be protected prior to the place-
ment of pervious concrete to ensure functionality of the
entire pervious concrete system.

Delay excavation of pervious pavement areas to protect
the subgrade. Historically, site excavation occurs early,
and the unpaved parking areas are used for staging during
construction. This practice can lead to over-compaction
of the subgrade by construction traffic and often leads to
the need to remove additional subgrade before paving and
usually results in additional costs. Instead of excavating the
parking areas early, when possible, require the construction
traffic to operate elsewhere or minimize initial site grading
where construction traffic is unavoidable. Excavate pervious
areas only when ready to complete the paving work

9.3—Inspection and testing during construction
Included in this phase of the pervious concrete place-
ment process is the placement of test panels, as specified
in ACI 522.1. The test panels should be used to establish
all eritical testing targets for the production placement. As
such, it is important that all mixture variables be kept as
close as possible to anticipated production values to mini-
mize differences between the test panels and the production
placement. The test panels are used to validate the mixture
design data provided by the concrete producer and confirm
the pervious concrete contractor’s ability to properly place
the pervious mixture under anticipated project conditions.
It is important that realistic pervious concrete fresh density
(per ASTM CI688/C1688M) be established for proper
evaluation of the mixture during placement operations,
Contractor performance can be confirmed visually as well

These include ASTM C1701/C170IM and ASTM C1754/
C1754M. Research has shown that ASTM C1754/C1754M
test results will be approximately 4 to & Ib/ft* (64 to 128 kg/
m’*) less than the related ASTM CL688/C1688M results, but
this relationship is dependent on the conerete mixture design
and the contractor’s placement operations, and these should
be established during the test panel evaluation.

The prnimary means for quality control of pervious
concrete as delivered to the project should be ASTM C1688/
C1688M using the target values established during the test
panel placement. Density testing is recommended once per
truck, although this frequency can be adjusted based upon
the delivery frequency and testing budget for the project.
While the current version of ACI 522.1 recommends +5 Ib/ft?
{80 kg/m’) for incoming fresh density, testing has shown that
a tighter tolerance of +3 Ib/ft’ (48 kg/m’) is quite possible
from a production standpoint and results in a more consistent
in-place void content. For this reason, plant quality control
during production is critical, and special attention should
be paid to aggregate moisture during batching operations.
Testing has shown that the fresh density of a single load of
pervious concrete can vary by as much as 6 to 8 Ib/ft’ (96
to 128 kg/m?) from the beginning to the end of the truck, so
pervious concrete properties should be continuously moni-
tored by the producer, the installer, and the construction
inspector so that any necessary adjustments can be made
as soon as possible. Many project specifications forbid the
addition of water at the construction site to adjust standard
concrete mixtures; however, for pervious concrete, repeated
adjustments may be necessary and are critical to maintain
mixture consistency and sufficient paste properties.

A useful tool for evaluating consistency and the poten-
tial for paste sealing is the inverted slump cone test. This
test is performed by placing a slump cone, inverted, upon
a level, nonabsorptive surface. The cone is filled to the top
with pervious concrete with no consolidation performed.
After 2 minutes, an observation is made of the bottom of
the cone for a paste ring. If paste has drained through the
concrete to leave a ring at the bottom of the cone, it indicates
that the pervious conerete is too wet or has an unstable paste
coating, and it 1s likely that the concrete will clog on the
bottom and infiltration will be reduced. 1f there is no paste
ring and the sample appears stable, further evaluation of the
consistency can be performed by lifting the cone slowly.
The concrete should slide from the cone with no more than
several gentle vertical shakes. Failure to do so may indicate
that the pervious concrete is too dry.

Field tests and inspections of pervious concrete should
be performed by an individual certified as both an NRMCA
Certified Pervious Concrete Technician or equivalent
and an ACI Conerete Field Testing Technician—Grade |
or equivalent.

9.4—Postconstruction inspection and testing

For quality assurance purposes, three cores of the pave-
ment for thickness and density should be tested for each
5000 ft* (465 m?®) of pavement placed. Core samples should

as with ASTM test methods for hardened pervious co@mtismicisbiatihtained in accordance with ASTM C42/C42M not
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less than 7 days after placement and be 4 in. (100 mm) in
diameter. The cores should be measured for thickness by
an ACI Certified Laboratory Technician Il according to
ASTM C174/C174M and tested for density according to
ASTM C1754/C1754M. The placement thickness should be
determined using untrimmed, hardened core samples. After
thickness determination, the cores should be trimmed and
measured for unit weight by the same method used for the
testing of the test panels. The acceptable hardened density
should be within £5% of the approved hardened density
from the test panels. It should be noted that the fresh density
found using ASTM C1688/C1688M will not be comparable
to the hardened density found using ASTM C1754/C1754M.

ASTM C1701/C1701M is the standard method to be
used to confirm the pavement meets or exceeds 250 in/h
{6350 mm/h) of drainage. Due to the local variability of
pervious pavements, multiple tests should be performed,
and the pavement evaluated as a whole or in sections or
lots rather than as individual test locations. Whether or not
ASTM C1701/C1701M infiltration testing is performed as
part of the project quality control/quality assurance, it is
recommended that the contractor perform ASTM CI1701/
CIT0IM testing when curing is completed for each pave-
ment section. This establishes a baseline infiltration rate for
future monitoring and maintenance purposes.

In addition, visual inspection of the cores allows for
verification of the necessary open void space to facilitate
drainage. Visual inspection that shows a fully closed or
severely restricted pore structure may indicate a pavement
that will not function properly, and sections demonstrated to
be essentially impervious should be removed and replaced.
Localized areas of impervious pavement may be acceptable
considering the overall average infiltration of the pavement.
Agreement as to what is deemed impervious, and the method
of measurement, should be achieved before initial placement
and validated on the test panel.

At no time should acceptance be based on the compressive
strength of the pervious concrete, either as delivered or as
cored from the pavement. Because increasing compaction
can increase the pervious concrete compressive strength,
there is a wide range of strengths that can be generated from
a single delivery of pervious concrete. Studies are underway
to develop a standard method for testing the compressive
strength of pervious concrete. Typical coring procedures,
when used on pervious concrete, disturb the cement paste
matrix such that compressive strength results may be inac-
curately low. Local experience through completed projects,
test panels, or both, should give an indication as to whether
a specific mixture proportion and material combination
will have sufficient strength to withstand the stresses of the
design traffic loads.

CHAPTER 10—PERFORMANCE

10.1—General
Pervious concrete pavements have been in service for
more than 30 years, which has allowed time for compre-

better understand performance. Information from controlled
studies is available concerning the long-term performance of
pervious concrete pavements. The performance parameters
discussed in this chapter include changes in infiltration rates,
structural distress, surface distress, resistance to freezing
and thawing, resistance to deicers, and overlay performance,

10.2—Changes in infiltration rates

In the past, maintenance had been a regulatory concern
that prevented wide acceptance of pervious concrete, A
pervious concrete pavement today will still maintain perme-
ability even when clogged. Clogged pores or subgrade
prevent stormwater from percolating through the concrete at
high rates (Wanielista et al. 2007; Mata and Leming 2008).
Thus, if stormwater 1s unable to drain through the pervious
concrete layer at the design rate, it is no longer sufficiently
pervious, the design benefit assumption is no longer valid,
and the pavement has failed. Pervious concrete pavements
can perform well for years with some level of clogging
{(Wanielista et al. 2007), but the rate should be above the
design rate. Clogging occurs when foreign material fills
in the open pore structure, usually on the top surface, and
as a result restricts the ability of water to flow through the
pervious concrete pavements, These materials can be fines
that enter the pervious concrete matrix or vegetative matter
that collects on the surface or in the pores of the pervious
concrete. Fines can be water-borne, wind-borne, or deposited
onto the pervious concrete pavement by traffic. Vegetative
matter comes from trees or plants adjacent to the pervious
concrete pavement. Waterborne fines come from storm-
water runoff that originates outside the limits of the pervious
concrete pavement and transports material onto the pave-
ment. Clogging, leading to potential problems in service-
ability, has been regarded as one of the primary drawbacks
of all permeable pavement systems. A good site design of
the pervious concrete pavement that prevents stormwater or
traffic from introducing fines onto the pavement will mini-
mize clogging. For example, pervious concrete pavements
should be placed at elevations above adjacent landscaping,
with the landscaping sloping away from the pavement.
Wind-borne fines are generally of limited volume in many
areas but could be of concern in arid areas. Vegetative matter
will routinely be deposited onto the surface of pervious
concrete pavements, requiring periodic cleaning. Construc-
tion operations adjacent to pervious concrete pavement may
also cause fines to be deposited. Construction, therefore,
should be sequenced to avoid deposition of these fines.

A field-performance investigation was conducted n
Florida in 1989 on pervious concrete pavements up to
13 vears old (Wingerter and Paine 198Y), The study
concluded that pervious concrete pavements that are prop-
erly designed, constructed, and maintained showed only
minor clogging after many years of service. The study also
included measurement of the percolation rate for clogged
pervious concrete pavements, The percolation rate of the
clogged pervious concrete pavement was equivalent to that
of the adjacent grass. Another investigation (Wanielista

hensive research studies and standards to be d@edigedcisolatiost al. 2007) of several field sites in the southeastern United

American Concrete Institute — Copyrighted © Material - www.concrete.org acil =


https://t.me/seismicisolation

38 PERVIOUS CONCRETE—REPORT (ACI PRC-522-23)

States indicated that pervious concrete pavements that were
installed 10 to 15 years prior, with no maintenance require-
ments, were operating as designed with virtually no clog-
ging. That study also investigated various potential methods
for rejuvenation (included pressure washing or vacuum
sweeping of the pavement) of those pervious pavements
where clogging had occurred { Wanielista et al. 2007). A more
recent study (Schaefer et al. 2011) related to the problem of
clogging was conducted using design porosities of 15, 20,
and 25% and three sediments: sand, silty clay, and blended
sand and silty clay. The fine-grained, silty clay had almost
no effect on the ability of water to flow through specimens at
typical stormwater concentrations, The results with sand and
blended materials showed that clogging was only an issue
at the lowest porosity and primarily for the blended mate-
rials. In most cases, sufficient permeability remained even
after clogging had occurred and that water flow through
the pervious conerete was not an operational issue for most
pervious pavements. Several rehabilitation methods were
also examined. Dry vacuuming was found to be the best
method to rejuvenate a clogged pavement. Power washing
was the best method followed by vacuuming for those pave-
ments that were clogged with blended materials (Schaefer
et al. 2011). Changes in infiltration rates can be monitored
throughout the life of the pavement using ASTM CI1701/
C1701M. This field monitoring will establish a base nfil-
tration rate from start of construction and allow for annual
reporting of potential clogged areas within the pavement to
be addressed by a maintenance program.

For a pervious pavement system to perform well, it may
need to be maintained at some regular interval. If a pave-
ment is in a harsh environment, such as a coastal area, or
anywhere that would cause heavy accumulations of fines,
it may be necessary to perform this preventive mainte-
nance more frequently. A qualified professional such as a
licensed professional engineer or landscape architect should
inspect the pavement to determine an appropriate mainte-
nance schedule, if it is functioning properly, or if cleaning
is necessary,

10.3—Structural distress

Structural distress in pervious concrete pavements gener-
ally takes two forms: cracking or subsidence due to loss of
subgrade support. Structural distress can be caused by heavy
loads (beyond the structural capacity of the pavement),
weak subgrade materials, or horizontal water flow through
the pervious concrete paving that washes away subgrade
material. High surface contact pressures or a weak pervious
concrete surface results in the surface distress, raveling,
which normally does not impact the structural capacity.

10.4—Surface distress

The most common surface distress is raveling. Raveling is
most often caused by construction-related issues including
poor or improper mixture design, inadequate compaction,
and insufficient curing. Curing is especially important for
pervious concrete because the high porosity and low w/cm

Fig. 10.4—Surface raveling distress of pervious concrete.

evaporation. Additional studying of curing methods will
be necessary for large-scale use of pervious concrete in
roadway applications and as new products and techniques
emerge (Kevern et al. 2009b). A field performance inves-
tigation carried out in Florida (Wingerter and Paine 1939)
indicated that pervious concrete pavements with surface
raveling were caused by an inadequate w/em, inadequate
compaction, or improper curing procedures. The investi-
gators reported that the pervious concrete pavement proj-
ects had no signs of structural distress. Once a top layer of
loose surface material has been removed, the raveling often
stopped. ASTM C1747/C1747M is an abrasion tesi to assess
a4 mixture’s resistance to surface distress. Figure 10.4 illus-
trates the raveling phenomenon that does not indicate struc-
tural distress of the pavement. Kevern and Sparks (2013)
discuss several techniques to remediate surface raveling.
Spraved-on surface-densifying agents, typically used on
polished interior floors, significantly reduce raveling of
poorly cured pervious concrete. When surface raveling 1s
severe, a thin protective overlay or milling of the top surface
are effective mitigation strategies (Kevern and Sparks 2013;
Kevern et al. 2011).

10.5—Resistance to freezing and thawing

The void structure of pervious concrete is not the same
as the entrained air in regular portland-cement concrete.
In properly designed and installed pervious concrete pave-
ments, water drains through to an underlying drainage layer
and soil and will not be retained in the void structure. When
the pervious concrete i1s completely saturated and subjected
to freezing, however, the water has no place to drain. This
can result in excessive stresses on the thin cement paste
coating the aggregates and may cause deterioration of
pervious conerete installations. Some fully saturated non-air-
entrained pervious concrete had poor freezing-and-thawing
resistance when tested in the laboratory according to Proce-
dure A of ASTM C666/C666M (Neithalath et al. 2005b). Itis
possible to add air-entraining admixture to pervious concrete

allows rapid moisture loss from the fresh concrete digeiemicisoitiores to protect the coating paste, but the entrainment of

American Concrete Institute — Copyrighted @ Material = www.concrete.org


https://t.me/seismicisolation

PERVIOUS CONCRETE—REPORT (ACI PRC-522-23) 39

air cannot be easily verified or quantified by current standard
test methods (Kevern et al. 2008b, 2009¢). The National
Concrete Pavement Technology Center (Schaefer et al.
2006) tested several different mixture designs for resistance
to freezing and thawing. They determined that saturated
samples made according to one mixture design only had a
2% mass loss when subjected to 300 freezing-and-thawing
cycles in accordance with ASTM C666/Co66M, Method A.
This mixture incorporated No. 4 aggregate, 7% sand, 571 Ib/
vd? (338 kg/m’) of cement, and a 0.27 w/cm. This mixture
used both air entrainment and high-range water-reducing
admixtures. Samples made according to this mixture had a
void content of 18.3%. The results indicated that the addi-
tion of binder latex to the mixture helped with resistance to
freezing and thawing, but not to the same extent as adding a
small amount of sand to the mixture. Pervious concrete that
is partially saturated could possibly have sufficient voids for
water movement, demonstrating good freezing-and-thawing
resistance. ASTM Co66/Co66M Procedure A is used to test
concrete samples saturated under atmospheric pressure.
This fully saturated technique does not simulate the perfor-
mance of pervious pavement in the field because properly
built installations in freezing-and-thawing environments
contain a mechanism for draining water out of the pavement.
However, the degree of saturation in clogged specimens can
cause critical saturation in the field and potentially exac-
erbate freezing-and-thawing deterioration (Guthrie et al.
20010), Currently, there is no standard method for evaluating
the resistance 1o freezing and thawing of pervious concrete
and, as a best practice, the most important factor for good
durability is its ability to drain any water entering its struc-
ture in the anticipated weather conditions. These precau-
tions are recommended to enhance the freezing-and-thawing
resistance of pervious concrete:

(a) Use an 8 to 24 in. (200 to 600 mum) thick layer of clean
aggregate base below the pervious concrete.

(b) Attempt to protect the paste by incorporating air-
entraining admixtures in the pervious mixture,
Limited and preliminary lab testing shows that fully
saturated air-entrained pervious concrete had signifi-
cantly better freezing-and-thawing resistance when
tested under ASTM C666/Co66M. Additional studies
conducted show that the RapidAir test is an effective
means of determining the entrained air void struec-
ture in pervious concrete (Kevern et al. 2008b). Air
entrainment increased paste volume and improved the
workability and durability of pervious concrete and is
recommended to be used in pervious concrete mixtures
{Schaefer et al. 2011).

(c) If the aggregate base is not thick enough to drain all of
the water through the paving, then install a perforated
polyvinyl chlornide (PVC) pipe in the aggregate base
and connect the pipe to a drain outlet. The drainpipe
should be set at an elevation that prevents water from
saturating the pervious pavement.

(d) Consider adding a small amount of sand to the concrete
mixture. Results confirmed previously published

be frost resistant when saturated or normally saturated.,
regardless of the addition of air-entraining admixture
(Mata 2008; Kevern et al. 2008a).

The durability of pervious concrete under freezing-and-
thawing conditions has been well documented, with no dete-
rioration in the field specifically due to freezing-and-thawing
eycling known to exist (Delatte et al. 2007). However, field
experience now shows severe deterioration when deicing
chemicals are applied too soon after installation, and with
prolonged heavy use of deicing products.

Mot every situation warrants using all these safeguards,
The safeguards are organized in the order of preference.
There are many pervious concrete projects in Georgia,
Pennsylvania, Tennessee, North Carolina, and New Mexico
that are subject to various freezing-and-thawing conditions
that are performing admirably (NRMCA 2004, 2007). Baas
(2006) surveyed individuals across the country and asked
them to describe their observations of pervious concrete
freezing-and-thawing resistance. Respondents in  Ohio,
Minnesota, Northern Kentucky, Tennessee, Indiana, and
California did not report any freezing-and-thawing deterio-
ration of pervious pavement installations. Pervious concrete
installations in the heavy snow areas of Colorado, Utah,
Vermont, New Hampshire, Nevada, Montana, and Northern
Arizona have also shown no signs of deterioration due to
tfreezing-and-thawing cycling. The same can be said for the
Maritime Provinces of Eastern Canada, where numerous
pervious concrete installations have also taken place and
where air-entrained conventional conerete is typically speci-
fied. Field performance was investigated for approximately
two dozen pervious concrete sites located in the states of
Ohio, Kentucky, Indiana, Colorado, and Pennsylvania.
Generally, the installations evaluated had performed well in
freezing-and-thawing environments, with little maintenance
required. They were, however, relatively new, so there is a
need to follow up later on field performance (Delatte et al.
2007). Pervious concrete 1s historically not recommended in
freezing-and-thawing environments where the groundwater
table rises to a level less than 3 ft (0.9 m) from the top of the
surface of the subgrade.

10.6—Resistance to deicers

In cold-weather regions. deicers are frequently applied to
a conventional pavement surface to improve slip resistance.
Due to extended field experience, deicers are well known to
damage pervious concrete,

Water freezes within the pervious concrete, but there can
be water (ice or snow melt) on the surface. If there are deicers
in that water and it refreezes, that can damage the surface,
typically exhibited as raveling. One way to avoid this condi-
tion is through regular surface cleaning, which decreases the
risk of standing water with deicers that freeze.

10.7—Repairing pervious concrete pavements
10.7.1 Grinding/milling—High spots can be ground with a

weighted grinder; however, the grinder will cut through and

expose the aggregate in ground areas, changing the appear-

reports that sand should be included in th@seigmizisolatioance of the pavement. If insufficient curing of the pervious
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Fig. 10.7.1—Diamond grinding to remediate surface
raveling.

conerete surface results in excessive raveling, milling off
the weak surface into competent material 15 a remediation
option (Fig. 10.7.1). Petrographic analysis on core samples
should be performed first to determine the extent of drying
and milling depth.

10.7.2 Chverlavs—When the surface drying extends beyond
a depth suitable for milling, a thin overlay (2 in. [50 mm])
may be a more suitable option than a complete removal
and replacement (Kevern and Sparks 2013). For a pervious
concrete on pervious concrete overlay to be successful, any
underlyving loose material should first be removed, and the
site should be able to accommodate the change in grade.
The key for success of a pervious overlay 1s to ensure good
bonding with the underlying material. The overlay mixture
should be sufficiently workable to allow paste to attach to
the existing material. The existing pervious concrete should
be moistened just prior to placement to help increase the
bond strength.

10.7.3 Holes or low spots—Small holes (low spots)
should be patched with an aggregate/epoxy blend or latex-
maodified cement. To match the appearance of the pavement
surface, the aggregate may be coated with wel cement and
cured before patching. Large holes should be patched with
pervious concrete of the same mixture proportions as the
original surface. When patching, it is highly unlikely that
the color of the patch will match the original surface mate-
rial. Epoxy bonding agents or latex-modified cement may
be used to ensure proper bonding between the old and new
surfaces. Acrylic paints have been used to disguise the area
of the patch with varied success. Unbonded thin sections of
patch material may not remain intact under traffic loading. If
in doubt, a full-depth repair is recommended.

10.7.4 Utility cuts—In the event that a section of pervious
concrete is cut, a full-depth repair should be performed.
This would include removing a square section the width
of a placed lane such that the new material would be large

enough to maintain its structural integrity under loading. . .
(gSEISI’nICIS

Table 10.8—Typical maintenance activities for
pervious concrete placement

Activity

Schedule

(a) Ensure that paving area is clean of debns
{b) Ensure that the area 15 clean of sediments
{c) Remove loose vegetation with leaf blower

Monthly

{a) Seed bare upland arcas

() Vacuum sweep o keep the surface free of sediment

{c) Remove sediment buildup from upstream sediment
traps, swales, or structures

As needed

{a) Inspect the surface for deterioration or spalling Annually

10.8—Maintenance

Pervious concrete pavements are stormwater infiltration-
based systems. While studies have shown that even heavily
clogged pervious pavements will still effectively drain most
storm events, all permeable pavements work best when kept
clean. Ideally, the pavement will be designed to limit sedi-
ment exposure by isolating run-on from landscaped areas
with a swale and draining other nonpervious pavements
elsewhere. In all cases, early removal of vegetative and other
sediment loads is the most effective way to maintain infiltra-
tion. Water passing through the pavement will carry varying
degrees of soluble and insoluble pollutants. Most of this
debris will be deposited on or near the pavement surface,
Maintenance of pervious concrete pavements consists
primarily of removing the accumulated debnis. Use of a leaf
blower during regularly scheduled landscape maintenance
or regular vacuuming by pavement maintenance companies
is recommended. If drainage falls below acceptable levels,
as measured by ASTM CI701/C1701M, a deeper cleaning
will be required. Pressure washing 1s effective, but care
should be taken to carefully monitor the pressure. If damage
is evident, reduce pressure or hold the nozzle farther trom
the surface. Pressure washers with rotating nozzle heads
are especially effective. A small section of the pavement
should be pressure washed using varying water pressures 1o
determine the appropnate pressure for the given pavement.
Power vacuuming removes contaminants and debris by
extracting them from the pavement voids. The most effec-
tive scheme, however, is to combine the two techniques and
power vacuum after pressure washing. A sample mainte-
nance schedule is found in Table 10.8.

Research conducted by the Florida Concrete and Prod-
ucts Association (1990) quantifies the extent of contami-
nant infiltration in pervious concrete parking lot pavements.
Five parking lots were examined as part of the study, and
the level of contaminant infiltration was found to be quite
low, Infiltration was found to be in the range of 0,16 to 3.4%
of the total void volume after up to 8 years of service, and
brooming the surface immediately restored over 30% of the
permeability of a clogged pavement.

10.9—Pervious concrete overlay field durability
and performance

A pervious concrete overlay was constructed on the
MnROAD Low Volume Road, a cold region pavement
@dgtiorack near Albertville, MN, USA, in October 2008
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Fig. 10.9—Placement of pervious concrete averlay for noise
reduction and skid resistance.

over concrete originally placed in July 1993. The pervious
concrete overlay was nominally 4 in. (100 mm) thick with
formed joints approximately over the original skewed joints
(Fig. 10.9). The original mixture design development work
envisioned machine placement of the overlay, Because of
weather delays and equipment availability, a powered roller-
sereed was used for placement. The construction methods
used included roller screeding, jointing with a mechanical
cutter, and curing under plastic for 7 days. The construc-
tion did leave some surface irregularities in the form of
stretch markings and surface sealing. Condition surveys of
the overlay were conducted in 2009, 2010, and 2011. The
primary distress to the overlay pavement was joint deteriora-
tion. With a minor amount of cracking, the joint deterioration
is believed to be the result of the method of joint placement;
saw cutting the joints would have resulted in less deteriora-
tion. The joint deterioration increased each yvear and is likely
due to snowplow effects. The flow characteristics have been
measured each yvear, with high infiltration results and consis-
tent flow from year to year, Operations during rain events
indicate that the pervious overlay quickly removes rainwater
from the pavement surface and that the water migrated later-
ally to the side of the pavement, indicating pervious concrete
15 a successful tool for mitigating splash and spray as well
as reducing hydroplaning (Schaefer et al. 2011). In addition,
noise measurements have been conducted on the overlay
at the MnROAD Low Volume Road and reveal a remark-
ably quiet pavement. While traditional concrete noise levels
range from around 100 to 110 decibels adjusted (dBA),
values for the pervious concrete in 2009 and 2010 range
between 96 and 98, making the pervious overlay one of the
quietest conerete pavements in place.

CHAPTER 11—LIMITATIONS, POTENTIAL
APPLICATIONS, AND RESEARCH NEEDS
The most widespread applications of pervious concrete
include paving and surface treatments to permit drainage.

roads, storage, and liquid/solid separation operations such
as in agricultural manure dewatering. Each use has different
limitations and concerns. Further research would help to
extend its use in these and in other applications and to venfy
its performance in various environments.
Some arcas of research needs are as follows:
(a) Strength determination and limitations
(b} Characterization of material structure
(c) Freezing-and-thawing and cold climate applications
(d) Porous grout and other pore pressure reduction
potentials
(e) Stormwater management
() Environmental filtering/remediation potential
(g) Surface deterioration and repair
(h) Development and standardization of broader testing
methods
(1) Nondestructive test methods for performance evalua-
tion and prediction
(j) Urban heat island effect, carbonation, and other thermal
properties
(k) Other novel applications

11.1—Pervious concrete in cold climates

More research would be valuable to evaluate the ability of
known technologies in protecting pervious concrete in cold
climates. Although there have been many pervious concrete
pavements installed in colder areas, several questions remain
to ensure pervious concrete can be used with greater confi-
dence and for broader application in cold climates. There are
two main issues that should be further addressed: the first
is the impact of freezing and thawing on the concrete in a
broader range of applications, and the second is to establish
with greater certainty the potential impact of deicers on the
concrete, particularly because the open pore structure allows
for faster infiltration of these salts into the concrete matrix
than in traditional concrete pavement. The first known direct
observation of pervious concrete’s behavior on freezing was
a laboratory experiment by the U.S. Army’s Cold Regions
Research and Engineering Laboratory (Korhonen and Bayer
1989). Samples of pervious concrete without air entrain-
ment, reinforcement, or other treatment for frost damage
protection were repeatedly frozen and thawed. At intervals
during the testing sequence, samples were removed from
the freezing cycle and put under compressive force to test
their loss of breaking strength. Those that had been frozen
in dry or damp (wetted, then drained) conditions showed
little loss of strength over 160 freezing-and-thawing cycles.
A later laboratory test (Yang and Jiang 2003) showed that
after 25 cycles of freezing and thawing in air, the uncon-
fined compressive strength of five samples decreased 15 to
23%. Similar samples that had been frozen in water-filled
containers, however, progressively deteriorated. Assuring
rapid drainage of a pervious slab into a well-drained base
reservoir, however, is a critical preventive measure against
the effects of freezing. In cold regions, air-entraining
agents are routinely added to concrete to protect it from
frost damage (AASHTO 1993). Experience primarily from

These can take many forms, such as parking fbswfaessolatiohuilding construction suggests that air entrainment improves
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the resistance of pervious concrete to damage from freezing-
and-thawing cyeles as it does for dense concrete (Florida
Concrete and Products Association 1990; Monahan 1981;
Neithalath et al. 2003). Liguid polymer and latex additives
may help by sealing the cement binder’s micropores and
preventing the entry of water. Supplementary cementitious
materials, various fibers, and liquid polymers can enhance
concrete’s strength, limit shrinkage, and thereby improve its
resistance to freezing-and-thawing conditions and deicing
chemicals (Pindado et al. 1999).

While air entrainment has been shown beneficial and
necessary for freezing-and-thawing resistance of pervious
concrete produced in laboratory conditions, there are not
any corresponding field-scale testing sections (Kevern et al.
2008b, 200%¢). Entrained air has been successfully measured
on hardened specimens using automated analysis correlated
0 ASTM C457/C457M, which matched laboratory freezing-
and-thawing performance (Kevern et al. 2008b). Fresh air
voud analysis in the field has been shown problematic with
conventional pressure or volume techniques, with the air
void analyzer (AVA) showing promise. However, research
is needed to evaluate a range of entrained air contents in the
field and determine what level is sufficient for good dura-
bility in a variety of conditions. Of even more importance
may be the observed lack of air entrainment in certain field
placements, which showed good performance in the labora-
tory (Kevern et al. 2009e).

Field performance has shown severe damage to pervious
pavements caused by deicing chemicals if treated too soon
after placement and in regions where deicing is used heavily.

11.2—Characterization of the material structure

The properties and performance of any porous material
depend extensively on pore structure features such as the
total pore volume, pore sizes and their distribution, and the
connectivity and tortuosity of the pore structure. Because
pervious concrete 1s primarily used for stormwater manage-
ment, the functional performance characteristic that is
more often a concern for the end user is the permeability.
Porosity is considered as the most important feature of the
pore structure of porous materials, but it alone 1s insufficient
in providing a complete description of the material perfor-
mance. A higher porosity does not necessarily ensure higher
permeability because the permeability is a function of the
pore surface area, pore sizes, and tortuosity. Using aggre-
gates of different sizes in pervious concrete to produce the
same porosity has resulted in different permeability values
{Neithalath et al. 2006). A proper understanding of the pore
structure feature and how it is influenced by the material
parameters and mixture proportioning needs careful and thor-
ough investigation. A few studies have reported the influence
of aggregate gradation and blending on the porosity, pore
sizes, and connectivity of pervious concretes (Neithalath
2004; Neithalath et al. 2006; Low et al. 2008) using mathe-
matical and statistical procedures. To develop performance-
based material design for pervious concretes, significant
research is needed in understanding the pore structure of this

lead to crack arrest effects if the porosity and pore sizes are
conducive. This influences the structural performance of the
material. A comprehensive understanding of material perfor-
mance and a material design-based mixture proportioning,
therefore, can be accomplished only if the pore structure
characteristics are well understood,

11.3—Strength and other testing needs and
limitations

The current established testing methods for concrete are
in many cases not applicable to pervious concrete. Either
new or modified testing methods need to be established
that take into consideration the unique characteristics of
pervious concrete. Standardization or referencing to these
techniques 1s crucial for comparison of most characteristics
and for design criteria of pervious concrete systems. The
most commaon quality control tests for conventional concrete
are slump, unit weight, plastic air content, and compressive
strength. Of those tests, only ASTM CI1688/C1688M for
density and void content of freshly mixed pervious concrete
exists. There is a substantial need to develop modifications
or swrrogates to the other most common tests for conven-
tional concrete.

Further research is needed to understand and improve
the strength of pervious concrete. The ability of pervious
concrete to withstand heavy wvehicular loads (typical
delivery truck or highway traffic) would enhance its use
in a wide range of applications. There has been some
research into the compressive and flexural strengths of some
pervious concretes (Yang and Jiang 2003; Neithalath 2004;
Marolf et al. 2004; Wimberly et al. 2001; Crouch et al.
2003; Zouaghi et al. 2000). Delatte et al. (2007) measured
the porosity and strength of several cores removed from
in-service pervious concrete pavements. There are many
different variations and applications; however, for pervious
concrete, the strength is dependent on porosity (Neithalath
2004; Marolf et al. 2004; Mulligan 2005; Montes and Hasel-
bach 2006; Kevern et al. 2008a). ASTM C39/C39M has not
proven to be an effective means of measuring compressive
strength. Rodding to remove entrapped air is not appropriate
for pervious concrete. Field placement techmiques can also
develop vertical porosity distributions in the pervious pave-
ment, which may have impacts on the flexural strength and
other characteristics (Haselbach and Freeman 2006). Addi-
tional research is needed to confirm that applicable 28-day
strengths can be reliably achieved in production applications
and into the various applications and strength characteristics
of pervious concrete.

While pervious concrete is used more often for storm-
water management in the United States, interest in pervious
concrete in other parts of the world has focused on wearing
course applications. Europe, Japan, and Australia have inves-
tigated pervious concrete for roadway use for noise reduction
{Neithalath 2004) and improved skid resistance during rain
events (Wang et al. 2008). Pervious conerete in these cases is
placed using either the wet-on-wet method, where pervious
concrete is placed overtop of fresh conventional conerete, or

material. The macroporosity of pervious coneretes caidBmicisasasicurface to precast concrete panels. The quietest pave-
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ment in the world is a section of roadway in the Nether-
lands composed of precast concrete sections containing a
pervious concrete wearing course. There is concern about
using pervious concrete for road surfaces where traditional
impervious designs avoid water seepage into the subbase, as
this may undermine the subbase and, therefore, lose critical
structural support under the impervious pavements. Much of
this loss of material in the subbase, however, 1s due to hydro-
static forces in this area of water seepage that occur from
point loads from vehicle wheels on the surface that push
the soils away. Pervious concrete would of course allow for
water seepage into the subbase, as water infiltration is its
intention. This may not, however, have the same destruc-
tive hydrostatic forces on the subbase, as the water could
also move vertically in the pervious column. Research into
the water impacts on strength and the underlying soils for
additional applications of pervious concrete as road surfaces
is needed,

Field quality control and assurance tests need to be estab-
lished. Methods for testing workability or consistency,
such as the slump test for plain concrete, are necessary
quality control tools for the conerete producer, as are tests
for compressive strength and air entrainment. An owner's
guality assurance tests for strength and durability are signifi-
cant needs for pervious concrete pavements. Currently,
ASTM Cl688/C1688M exists to determine the fresh
density, which can be related to the concrete production
consistency, Although unit weight is often specified, no stan-
dard relationship exists between fresh density and hardened
density. Additionally, the pervious concrete mndustry does
not have a good understanding of the expected and allow-
able variability of the hardened in-place density. There are
also testing methods that need to be developed for pervious
concrete that are not similar to any methods traditionally
used in the concrete industry. In addition, pollutant removal
testing methods would be beneficial to design and specify
pervious concrete for its potential water quality benefits.

11.4—Nondestructive determination of
performance and properties

One of the significant impediments to the widespread
use of pervious concrete is the absence of test methods to
evaluate or predict the performance of the material as placed
and in service. Due to its open pore structure, conventional
methods of concrete performance estimation are not appli-
cable to pervious concrete. Of late, some novel test methods
have been attempted for nondestructive pervious concrete
property estimation. Because it is easy to saturate a pervious
concrete specimen with an electrolyte of known electrical
conductivity, the emphasis has been on using electrical prop-
erty-based methods for performance estimation. The use of
a modified parameter that can be derived from electrical
conductivity has been used to accurately predict the perme-
ability of pervious concrete (Neithalath et al. 2006). Similar
methods have also been extended to predict the acoustic
absorption behavior of pervious concrete. Delatte et al.
(2007) used ultrasonic pulse velocity (UPV) to investigate

cores. Ultrasonic pulse velocity was found to correlate well
with engineering properties such as strength and porosity.

11.5—Stormwater management

11.5.1 Folume control—There are two important aspects
to stormwater management: runoff control and water quality
control. There have been several initial studies into the infil-
tration rates, hvdraulic conductivity, and rational runoff coef-
ficient for pervious concrete (Wanielista et al. 2007; Montes
and Haselbach 2006; Wimberly et al. 2001; Valavala et al.
2006). Additional study is needed for infiltration through
sloped pervious concrete surfaces and the variation of infil-
tration rates with aging and other environmental impacts.

11.5.2 Quality control—Water-quality issues for water-
sheds are increasingly important. Much of the material
washing into streams, rivers, and eventually into ground-
water comes from surface runoff contaminated with mate-
rials applied to the ground surface. The contaminants can
be excess fertilizers and nutnients, pesticides, road salts, or
other materials intentionally applied; from spills or debris
such as gasoline and petroleum products from o1l drips; and
tire abrasion or other residue such as litter, animal waste, and
fine dust. Some materials are quickly picked up or dissolved
and carried by runoff while others, including insoluble
greases and low-volatile-content oils, may not.

Another source of runoff contaminant has been imeffective
or unenforced control of runoff on bare earth, often from
sites under development. Lack of effective erosion controls
has resulted in significantly increased sediment loads in
some areas. By controlling excess surface runoff using a
properly designed pervious concrete pavement system, a
reduction in peak stream velocity is possible. Erosion of
streambeds is reduced, thereby reducing the sediment load
carried by the stream. Washing large amounts of nutri-
ents (compounds high in nitrogen and phosphorus) into
the watershed has numerous consequences. Plant growth,
particularly microbial biomass such as phytoplankton and
algal blooms, is increased. Although plants produce oxygen
while alive, when they die, they decay, using up available
dissolved oxygen and increasing the biochemical oxygen
demand (BOD). Creating or increasing BOD stress can,
under the most extreme conditions, lead to events such as
fish kills. Plant growth in pervious concrete systems should
be minimal due to the lack of sunlight. In many cases, but
not in all, the initial stormwater runoff will carry a higher
concentration of contaminants than later runoff. The initial
rain will wash off the surface somewhat. The part of the
runoft with a higher contaminant concentration is termed the
first flush and refers to the idea that approximately 90% of
the pollutants are carried away in the first 1 in. (25 mm) of
typical significant rain events (Leming et al. 2007). In arid
areas with long periods between rain, a seasonal first flush
may also occur. One of the common goals of runoff control
is to capture the first flush. This is particularly true when
dealing with small catchment (drainage) areas.

The first flush may not occur in some of the following
CHSCS
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(a) Large catchment areas rarely show a first flush, as a
steady stream of the first flush of areas farther and
farther away from the outlet arrive over time.

(b) There may not be a first flush if pollutants are not
easily washed away or dissolved.

(c) Differences in pollutant load over time may be diffi-
cult to deteet if the supply of pollutants is essentially
continuous (for example, sediment from bare, easily
eroded ground).

Relatively simple rules of thumb for selecting or
approving designs and control features have often been used
due to lack of sufficient local data combined with seasonal
variations or effects and antecedent rainfall events. As a
crude rule of thumb, the first flush occurs during the first 30
minutes to 1 hour for small sites, such as parking lots. When
pervious concrete is used, the first hour of rain will gener-
ally be captured as a minimum. It is reasonable to assume
that, at a minimum, the part of the runofl with the highest
pollution load will also be captured. Pervious concrete pave-
ments will carry the first flush into the pores of the concrete,
and additional rain will carry the pollutants further into the
system without returning them to the runoff stream. The
natural cleaning effects of soil may then further clean the
runofl. The adoption of specific types of mitigation devices
and features depends on the site use. the types and quantities
of pollutants anticipated, the estimated runoff, and site char-
acteristics. While capturing the first flush of an area is often
desirable, the disposal of the first flush can be technically
challenging and expensive.

Research 1s needed to establish or confirm many of the
observations and assumptions regarding pollution trapped
by pervious concrete pavements (Rushton 2000). Several
of the assumptions related to water quality that need to be
confirmed are:

(a) Greases and low-volatile-content  oils  occurring
routinely on parking areas, such as oil drips from vehi-
cles, will probably be adsorbed onto the surface or into
the pores of the pervious concrete, or will be degraded
by the microbial community in the system (Pratt et al.
2002) and will not be transferred to groundwater or
surface water in any sigmficantly different quanti-
ties than with detention ponds. Recent studies have
investigated the efficiency of pervious concretes in
containing vehicular oil spills (Bhayani et al. 2007;
Deo et al, 2008), Pervious concrete mixtures with
porosities ranging from 13 to 25% were proportioned
using two different-size aggregates. The oil retention
and recovery were experimentally determined on 2 in.
{50 mm) slices of pervious concrete specimens using a
partition gravimetric method. An idealized pore-aper-
ture model was used to develop a modeling framework
for the oil retention in pervious concrete. The mate-
rial parameters, as well as the input features that are
most likely to influence the retention and recovery
of oil, were identified. A genetic programming-based
model was used to predict the oil retention in pervious
concrete specimens. It was found that this modeling

(b) Water carrying dissolved solids and nutrients into the
soil from the pervious concrete will undergo natural
filtering and purification such that the water reaching
the groundwater table will be of roughly the same
quality as runoff soaking in directly from the surface.

(c) The maximum draw-down time for a pervious concrete
system should be 3 to 5 days, which is consistent with
detention pond design, and may occur with pervious
concrete pavements constructed on clayey soils. As
light is not available past the surface, growth and
subsequent decomposition of biomass due to high
nutrient loads in the runoff will be minimal. As pervious
concrete is not saturated for much of its service life, the
pores are relatively small but not capillary in size, air
is available to a large surface area compared with the
volume, and there is little difference in the decomposi-
tion of biodegradable organic material compared with
decomposition on the surface.

In addition to its potential for filtering or remediating
stormwater-related pollutants (Tamai et al. 2004), there is
interest in pervious concrete as a material for other envi-
ronmental filtering or remediation purposes, especially in
the agricultural and waste treatment industries. Pervious
concrete has already been used for greenhouse floors, There
is also interest in using pervious concrete as a paved surface
for manure or sludge dewatering.

11.6—Urban heat island effect, carbonation, and
other thermal properties

Conventional, dark pavement surfaces are large contribu-
tors to the urban heat island effect. There 1s a unique aspect
of pervious concrete that may influence its impact on the
urban heat island effect—its porous nature. Many porous
media are insulators, and pervious concrete may have
some of these characteristics. Pervious concrete, however,
also consists of interconnected voids that may influence
convection of heat into or out of the earth’s surface. It is
unknown which heat transfer processes dominate, and under
what conditions. There is little or no research into the urban
heat island impacts of using pervious concrete over other
impervious pavement surfaces; therefore, additional infor-
mation is greatly needed (Ferguson 2005). Similarly, the
thermal aspects of pervious concrete may be important for
determining remediation rates and other environmental
process rates,

The use of pervious concrete may also have an impact on
another aspect related to the global climate. There has been
much research and concern about the levels of carbon dioxide
in the atmosphere. Many researchers have performed life-
cycle analyses of the contribution to the carbon dioxide in
the atmosphere from many construction materials. Conerete
has been shown to be a contributor in two ways: the first 15
in the energy use for making cement, if the energy source is
a nonrenewable source; and the second is in the chemical
process that forms cement from its source materials, which
releases carbon dioxide as a by-product. Therefore, even
if the carbon dioxide component from the energy use was

methodology provides good estimates of oil rete@issis miciselitimated, the manufacture of pervious concrete would still
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result in a net production of carbon dioxide. Carbon dioxide
can be absorbed back into concrete structures over time,
This process, referred to as carbonation, involves a chemical
change and can balance some of the carbon dioxide gain from
the cement manufacturing process. Carbonation is usually
slow under ambient conditions, but faster when traditional
conerete has large surfaces exposed to the air. An example
15 when concrete is broken up and recycled for fill. Pervious
concrete has a much larger surface area exposed than other
concrete applications to the air and may have a faster rate
of carbonation. Research into this rate is needed so that the
overall impact of using pervious concrete on the amounts of
carbon dioxide in the atmosphere can be better understood.

11.7—Construction, operation, and maintenance
needs

11.7.1 On-site handling and adjusiments—Conventional
wisdom and best practice for traditional conerete is to not add
water on site. In pervious concrete, it is preferable and bene-
ficial to have sufficient workability to achieve the designed
void content rather than merely maintaining a specified
w/em. There is a need to systematically evaluate when and
how much water can be added on site and identify when the
additions begin to negatively influence the final product.

11.7.2 Finishing operations and curing— Traditionally,
pervious concrete was placed higher than finish elevation
using a spacer strip, which was removed prior to compacting
with a weighted roller, It was observed that the extra step
allowed time for the surface to dry and resulted in many
placements with less-than-desirable surface durability.
The most common method of compaction and finishing is
multiple passes with a roller screed. However, new finishing
techniques, including laser screeds and rotating float pans,
are being used. Research is needed to evaluate these new
techniques and compare with the status quo. Many older
pervious concrete sections were installed in multiple lifts.
The industry gravitated toward single-lift installations due to
expediency and concerns over clogging between the lift inter-
face. However, it 15 well-understood that compaction varies
with depth during installation, with some pavements having
very low density at the bottom (Haselbach and Freeman
2006). Research is needed to revisit appropriate lift thick-
nesses for various compaction techniques and the potential
need for multiple lift installations in certain instances,

One change to pervious concrete mixtures and construc-
tion technigues is the inclusion of internal curing techniques
to reduce curing requirements. When super-absorbent poly-
mers (SAPs) or prewetted lightweight aggregates are used
in pervious concrete mixtures, curing under plastic sheeting
may be reduced (Kevern and Farney 2012). Additional
techniques such as applying surface densifiers to fresh and
hardened pervious concrete have also shown to be viable
techniques for eliminating curing under plastic without sacri-
ficing surface durability (Kevern and Sparks 2013). When
curing techniques other than plastic sheeting are first used
in a local area, test placements are highly recommended to
ensure proper curing of the pervious concrete.

11.7.3 Surface deterioration and repair—Typical concrete
surface treatments may not be applicable to pervious
concrete, as many are surface sealants and may effectively
impact the infiltration capability of the pervious pave-
ment. Concrete pavers over pervious concrete may be
used for increased winter durability. Research is not only
needed for surface treatments that can extend the life of a
pervious concrete pavement and add to its sustainability
and aesthetics, but for materials and methods for pavement
repair as well. Joints, either installed using a pizza cutter or
sawn, are a perennial point of weakness and deterioration
in pervious concrete. The industry has long suggested not
sealing joints; however, anecdotal evidence suggests that
sealing joints prevents deterioration from incompressibles,
Research is needed to determine the potential impacts for
various joint installation methods and treatments.

11.8—O0ther novel applications and uses

There are many other novel applications for pervious
concrete other than as pavement surfaces for storm-
water control or as an environmental filter for dewatering
processes. Its lower density may benefit its use in building
construction to reduce structural needs. One major consid-
eration for structural use i1s the need for and performance
of reinforcing steel. Although two structural-steel-reinforced
pervious concrete walls in Chicago have shown excellent
performance after 100 years (Seegebrecht 2015), research is
needed to verify steel design criteria and bonding behavior
in addition to durability.

Pervious concrete is sometimes referred to as enhanced-
porosity concrete and has been shown to have some benefits
in sound absorption. Some applications are as road surfaces
and sound barriers (Neithalath et al. 2005a; Tamai et al.
2004; Neithalath 2004; Schaefer et al. 2010).

11.8.1 Porous grout—The technology of grout injec-
tion to provide structural support beneath foundations has
been practiced in construction since 1802 (Houlsby 1990).
The materials have traditionally been a mixture of port-
land cement; water; and often a filler, such as sand. This is
mixed into slurry and pumped into the desired area, usually
the interface between existing foundations and the in-place
soil or rock, forming a structural bond that is rigid and not
normally pervious. There are cases, however, in which
hydraulic conductivity is desired so that the natural hydro-
static forces can be relieved without causing deterioration
due to saturation, erosion, and piping. This has led to the
widespread use of French drains (gravel), drainage blankets,
and fabrics for drainage and prevention of erosion (geotex-
tiles), where foundations are accessible during construction.
This type of pumped-in-place pervious grout would fill a
basic need in the construction industry, particularly in proj-
ects involving site remediation and refrofit. Example appli-
cations of this pumped, porous material include remediation
of dams (Weaver 1991), tunnels, highways, canals, rail-
roads, and environmental treatment, Porous grout materials
that could be pumped were studied (Yen et al. 2002). The
studies encompassed a wide range of pumped materials that

@seismicisolatiohad drainage properties.
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CHAPTER 12—THE ENVIRONMENT AND
PERVIOUS CONCRETE

Pervious concrete systems are recognized as best manage-
ment practices (BMPs) for stormwater management by the
U.S. EPA and permit-granting agencies. Pervious concrete
systems also support other sustainable development imitia-
tives such as the EPA Heat Island Reduction Initiative
{(U.S. EPA 2022a) and Low Impact Development (U.S. EPA
2022b). Pervious concrete provides several environmental
qualities soughi by sustainable assessment organizations
such as USGBC’s LEED rating system for sustainable
building construction (U.S. Green Building Council 2013)
and the Institute for Sustainable Infrastructure’s Envision
program (ISI 2022). Stormwater management is especially
important in urban civil infrastructure projects, and pervious
concrete is potentially a key component (Fig. 12).

The stormwater storage capacity within and below
pervious concrete pavement systems can be used to slow
the stormwater peak flow. The volume of stormwater runoff
can be reduced through infiltration into the underlying soil
below the pervious concrete pavement, detention and evapo-
ration, or both, Reduction in total runoff volume provides
a reduction in associated pollutants from the system into
streams, rivers, lakes, and oceans. By infiltrating the storm-
water, not only is the volume of stormwater greatly reduced,
but pervious concrete effectively provides water quality
treatment for the first flush. Even when used as a stormwater
detention system, pervious concrete provides not only the
peak flow mitigation benefits, but also provides stormwater
quality concrete.

The filtration provided by the voided matrix or the under-
ground aggregate storage bed within pervious concrete
systems can retain organic pollutants and naturally occurring
microbial growth may provide treatment before the pollutants
that remain are eventually converted by native soils if infil-
trated or conveyed through underdrains. Pervious concrete
also collects total suspended solids (TSS), which are consid-
ered one of the main pollutants in stormwater runoff (U5,
EPA 1999; Mata and Leming 2012). In addition, the pervious
concrete layer may effectively reduce the concentration of
many metals found in stormwater runoff. This is through the

retention of metals bound to particulates and through chem-
ical removal of metals in the dissolved phase. This process
is by an adsorption or ion exchange process within the
pervious concrete matrix. Some of the dissolved metals that
are treated include zinc, copper, lead, and cadmium. These
metals are common in highway runoff and are important to
be controlled when stormwaters are discharged to sensitive
waters such as those supporting salmomd species (Hasel-
bach et al. 2014a,b; Holmes et al. 2017).

The infiltration provided by pervious concrete potentially
recharges groundwater, provides irrigation to nearby surface
vegetation and tree root systems, and mitigates thermal
pollution in a receiving body of water. Thermal pollution
occurs when rain lands on hot pavement and the associ-
ated runoff may signmificantly contribute to the increase in
water temperatures negatively affecting the habitat of fish,
aquatics, and vegetation within various bodies of water. The
potential to harvest water for a variety of purposes is also
enhanced, when permitted by local regulation.

Pervious concrete absorbs and retains less heat than most
conventional pavement, giving it the potential to positively
impact the urban heat island. The reason for this is that the
relatively open pore structure of pervious concrete may store
and transmit less heat, therefore helping to lower heat 1sland
effects in urban areas (Kevern et al. 2009a; Haselbach et al.
2011). In addition, the water stored in the pervious concrete
layer after a precipitation event may aid in heat island reduc-
tion through evaporative cooling (Lorenzi et al. 2015),
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As ACI begins its second century of advancing concrete knowledge, its original chartered purpose
remains “to provide a comradeship in finding the best ways to do concrete work of all kinds and in
spreading knowledge.” In keeping with this purpose, ACI supports the following activities:

+ Technical committees that produce consensus reports, guides, specifications, and codes.

- Spring and fall conventions to facilitate the work of its committees.

+ Educational seminars that disseminate reliable information on concrete.

« Certification programs for personnel employed within the concrete industry.

+ Student programs such as scholarships, internships, and competitions.

 Sponsoring and co-sponsoring international conferences and symposia.

- Formal coordination with several international concrete related societies.

- Periodicals: the ACI Structural Journal, Materials Journal, and Concrete International.

Benefits of membership include a subscription to Concrete International and to an ACI Journal. ACI
members receive discounts of up to 40% on all ACI products and services, including documents, seminars
and convention registration fees.

As a member of ACI, you join thousands of practitioners and professionals worldwide who share

a commitment to maintain the highest industry standards for concrete technology, construction,

and practices, In addition, ACI chapters provide opportunities for interaction of professionals and
practitioners at a local level to discuss and share concrete knowledge and fellowship.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
Fax: +1.248.848.3701
www.concrete.org

@seismicisolation


https://t.me/seismicisolation

( a ci } American Concrete Institute
Always advancin
_” g J

38800 Country Club Drive
Farmington Hills, MI 48331 UsSA
+1.248.84B8.3700

www.concrete.org

The American Concrete Institute (ACI) is a leading authority and resource
worldwide for the development and distribution of consensus-based
standards and technical resources, educational programs, and certifications
for individuals and organizations involved in concrete design, construction,

and materials, who share a commitment to pursuing the best use of concrete,

Individuals interested in the activities of ACI are encouraged to explore the
ACI website for membership opportunities, committee activities, and a wide
variety of concrete resources. As a volunteer member-driven organization,
ACH invites partnerships and welcomes all concrete professionals who wish to
be part of a respected, connected, social group that provides an opportunity

for professional growth, networking and enjoyment.
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