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6.1 Introduction

Twenty-one Structural BMPs have been listed and described in this section of the manual.  As indicated
in both Sections 4 and 5, many of these “structures” are natural system-based, including both vegetation
and soils mechanisms as part of their functioning.  In that sense, though classified as “structural,”
they can and should be viewed as “green structures” or “green infrastructure.”  More conventional
“bricks and mortar” structures, of course, are also included in this section.

Although 21 Structural BMPs may seem like an especially long list, the list could easily have grown
much longer, if the many different variations of each BMP were included separately.  For example,
Vegetated Swales have several different variations on the central theme; these variations have been
included in this section with some explanation and reference made as to how and when such variations
can be successfully applied.  On the other hand, some of the Structural BMPs are quite similar to
others – even to other Non-Structural BMPs (e.g., 5.2 Protect/Conserve/Enhance Riparian Areas
and 6.17 Riparian Buffer Restoration), though it was ultimately decided that they merited separate
treatment.  As long as the Structural List might be at the present time, even more BMPs can be
expected to emerge – which is as it should be.

Each BMP is outlined using approximately the same structure or outline as has been applied to the
Non-Structural BMPs.

6.2 Groupings of Structural BMPs

Structural BMPs can be grouped according to the primary, though not exclusive, stormwater functions,
as follows:

Volume/Peak Rate Reduction by Infiltration BMPs
Volume/Peak Rate Reduction BMPs
Runoff Quality/Peak Rate BMPs
Restoration BMPs
Other BMPs

In all cases, these stormwater functions are linked to the Recommended Site Control Guidelines
which are presented in Table 3-4 in Section 3.  Because of the importance of Volume/Peak Rate
Reduction, most of the Structural BMPs fall into this category, not surprisingly with many of these
BMPs being infiltration-oriented; these BMPs also happen to provide excellent water quality
performance as well.  Volume/Peak Rate functions also can be provided a smaller group of increasingly
important Structural BMPs such as Vegetated Roofs and Roof Capture/Reuse (e.g., rain barrels and
cisterns).  Certain BMPs provide water quality and peak rate control functions, without any significant
control of volume.  The Restoration BMPs and Other BMP categories provide a mix of stormwater
functions, and although these BMPs have not been frequently used in the past, they can offer real
potential for many Pennsylvania municipalities in the future.

Lastly, two special lists of instructions, or Protocols, have been developed specifically for use with all
infiltration-oriented structural BMPs:

Protocol 1: Infiltration System Guidelines
Protocol 2: Soil Evaluation and Investigation for Infiltration BMPs
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Both of these Protocols follow the individual BMPs in this section.  These instructions should be
followed whenever infiltration-oriented BMPs are being developed.  The Protocols set forth a variety
of actions which should be taken, which are common to all infiltration-oriented BMPs, in order to
make sure that proper site conditions and constraints are being adequately addressed, proper design
considerations are being taken, and proper construction specifications are integrated into the overall
design of the BMP.  An especially important aspect of these instructions focuses on full and careful
testing of the soil, thereby necessitating a separate Protocol that addresses soil testing and analysis
in great depth.  If these Protocols are followed, the risk of failed infiltration-oriented BMPs will be
minimized, if not eliminated.

One of the most challenging technical issues considered in this Manual involves the selection of
BMP’s that have a high degree of NPS reduction or removal efficiency.  In the ideal, a BMP should be
selected that has a proven NPS pollutant removal efficiency for all pollutants of importance, especially
those that are critical in a specific watershed (as defined by a TMDL or other process).  Both Non-
Structural BMP’s in Section 5 and Structural BMP’s in Section 6 are rated in terms of their pollutant
removal performance or effectiveness.  The initial BMP selection process analyzes the final site plan
and estimates the potential NPS load, using Table 2-2 and Appendix A.  The required reduction
percentage for representative pollutants (such as 85% reduction in TSS and TP load and 50% reduction
in the solute load) is achieved by a suitable combination of Non-Structural and Structural BMP’s.  This
process is described in more detail in Section 9.

6.3 Manufactured Products

A variety of manufactured product suppliers, distributors, and manufacturers have provided extensive
product information to PADEP during the course of this manual preparation process.  Information has
been provided thus far by:

ACF Environmental, Inc.
Terre Hill Corporation
Clearwater Technologies, Inc.

One company, ACF Environmental, Inc., in particular has provided this information and taken the
time to organize its products to coordinate with the structure of this manual.  Many of these products
can be used in conjunction with the Non-Structural BMPs set forth in Section 5 as well as the Structural
BMPs in Section 6.  In many, if not most cases, proper application and use of these manufactured
products can further the stormwater management goals and objectives that are at the core of this
manual and the new PADEP program.  At the same time, it was decided that these products did not
fit into the manual as either Non-Structural or Structural BMP generic types per se.  It should be noted
also that Pennsylvania does not have a review and testing function established within state government
at this point, as a few other states have developed, which provides for thorough testing and rating of
these manufactured products.  The interested reader/user is directed to other sources, such as:

Environmental Technology Evaluation Center (EvTEC) of The Civil Engineering Research
Foundation (CERF), including their Stormwater Best Management Practices (BMPs) Verification
Program - information available at http://www.cerf.org/evtec/index.htm  & http://www.cerf.org/
evtec/eval/wsdot_qr.htm
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U.S. EPA’s Environmental Technology Verification Program (ETV) - information available at
http://www.epa.gov/etv/

The University of New Hampshire’s Center for Stormwater Technology Evaluation and
Verification (CSTEV) - information available at http://www.unh.edu/erg/cstev/index.htm#

The Chesapeake Bay Program’s Innovative Technology Task Force (ITTF) - information about
the program as well as many useful links to other programs available at http://
www.chesapeakebay.net/info/innov_tech.cfm

New Jersey’s Energy and Environmental Technology Verification Program - results available
through the New Jersey Corporation for Advanced Technology (NJCAT) at http://www.njcat.org/

Although PADEP would like to develop an electronic bulletin board designed to array any and all
such information in the future, simply as an information clearinghouse (with no evaluation function),
this Manual is simply providing all of this information in an appendix, together with any/all guidance
and explanation provided by the respective providers.  This information is caveated as follows:

Disclaimer:  The technology descriptions contained in this document including, but not limited
to, information on technology applications, performance, limitations, benefits, and cost, have
been provided by vendors. No attempt was made to examine, screen or verify company or
technology information. The Pennsylvania Department of Environmental Protection has not
confirmed the accuracy or legal adequacy of any disclosures, product performance, or other
information provided by the companies appearing here. The inclusion of specific products in
this document does not constitute or imply their endorsement or recommendation by the
Pennsylvania Department of Environmental Protection.

But do consider using these products, as in many cases, the products can be quite cost effective and
provide an excellent headstart in the stormwater management planning process.  Again, PADEP
hopes to be able to provide more evaluative guidance on these manufactured in the future, as
budget allows.
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b. Precast Concrete Inlets and Manholes:  Precast concrete inlets may be substituted
for cast-in-place structures and shall be constructed as specified for cast-in-place.
Precast structures may be used in only those areas where there is no conflict with
existing underground structures which may necessitate revision of inverts. Precast
structures shall be placed on a 6-inch bed of compacted coarse aggregate Size No.
2A. Reinforcement steel, if required for handling, shall have a minimum of 2-inch
cover. Handling devices, if used, shall be removable and the holes filled with
concrete.  Type M standard PennDOT inlet boxes will be modified to provide
minimum 12" sump storage and bottom leaching basins, open to gravel sumps in
sub-grade, when situated in the recharge bed.

c. All PVC Catch Basins/Cleanouts/Inline Drains shall have H-10 or H-20 rated grates,
depending on their placement (H-20 if vehicular loading).

d. Steel reinforcing bars over the top of the outlet structure shall conform to ASTM
A615, grades 60 and 40.

e. HDPE Flared End Section shall be installed according to manufacturers’
specifications.

f. Permanent turf reinforcement matting shall be installed according to manufacturers’
specifications.

5. Porous Bituminous Asphalt
Bituminous surface course for porous paving shall be two and one-half (2.5) inches thick
with a bituminous mix of 5.75% to 6% by weight dry aggregate.  In accordance with ASTM
D6390, drain down of the binder shall be no greater than 0.3%.  If more absorptive aggregates,
such as limestone, are used in the mix, then the amount of bitumen is to be based on the
testing procedures outlined in the National Asphalt Pavement Association’s Information Series
131 – “Porous Asphalt Pavements” (2003) or PennDOT equivalent.

Use neat asphalt binder modified with an elastomeric polymer to produce a binder meeting
the requirements of PG 76-22 as specified in AASHTO MP-1.  The elastomer polymer shall
be styrene-butadiene-styrene (SBS), or approved equal, applied at a rate of 3% by weight of
the total binder.  The composite materials shall be thoroughly blended at the asphalt refinery
or terminal prior to being loaded into the transport vehicle.  The polymer modified asphalt
binder shall be heat and storage stable.

Aggregate shall be minimum 90% crushed material and have a gradation of:

U.S. Standard Sieve Size Percent Passing
½  (12.5 mm) 100
3/8  (9.5 mm) 92-98
4  (4.75 mm) 34-40
8  (2.36 mm) 14-20
16  (1.18 mm) 7-13
30  (0.60 mm) 0-4
200  (0.075mm) 0-2
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Add hydrated lime at a dosage rate of 1.0% by weight of the total dry aggregate to mixes
containing granite.  Hydrated lime shall meet the requirements of ASTM C 977.  The additive
must be able to prevent the separation of the asphalt binder from the aggregate and achieve
a required tensile strength ratio (TSR) of at least 80% on the asphalt mix when tested in
accordance with AASHTO T 283.  The asphaltic mix shall be tested for its resistance to stripping
by water in accordance with ASTM D-1664.  If the estimated coating area is not above 95
percent, anti-stripping agents shall be added to the asphalt.

Porous pavement shall not be installed on wet surfaces or when the ambient air temperature
is 50 degrees Fahrenheit or lower.  The temperature of the bituminous mix shall be between
300 degrees Fahrenheit and 350 degrees Fahrenheit (based on the recommendations of the
asphalt supplier).

6. Porous Concrete
GENERAL
Weather Limitations:  Do not place Portland cement pervious pavement mixtures when the
ambient temperature is 40 degrees Fahrenheit or lower, unless otherwise permitted in writing
by the Engineer.

Test Panels: Regardless of qualification, Contractor is to place, joint and cure two test panels,
each to be a minimum of 225 sq. ft. at the required project thickness to demonstrate to the
Engineer’s satisfaction that in-place unit weights can be achieved and a satisfactory pavement
can be installed at the site location.

Test panels may be placed at any of the specified Portland Cement pervious locations.  Test
panels shall be tested for thickness in accordance with ASTM C 42; void structure in accordance
with ASTM C 138; and for core unit weight in accordance with ASTM C 140, paragraph 6.3.

Satisfactory performance of the test panels will be determined by:
Compacted thickness no less than ¼” of specified thickness.

Void Structure: 12% minimum; 21% maximum. Unit weight plus or minus 5 pcf of the design
unit weight.

If measured void structure falls below 15% or if measured thickness is greater than ¼” less
than the specified thickness of if measured weight falls less than 5 pcf below unit weight, the
test panel shall be removed at the contractor’s expense and disposed of in an approved
landfill.

If the test panel meets the above-mentioned requirements, it can be left in-place and included
in the completed work.

CONCRETE MIX DESIGN
Contractor shall furnish a proposed mix design with proportions of materials to the Engineer
prior to commencement of work.  The data shall include unit weights determined in accordance
with ASTM C29 paragraph 11, jigging procedure.

MATERIALS
Cement:  Portland Cement Type I or II conforming to ASTM C 150 or Portland Cement Type IP
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or IS conforming to ASTM C 595.

Aggregate: Use No 8 coarse aggregate (3/8 to No. 16) per ASTM C 33 or No. 89 coarse
aggregate (3/8 to No. 50) per ASTM D 448.  If other gradation of aggregate is to be used,
submit data on proposed material to owner for approval.

Air Entraining Agent:  Shall comply with ASTM C 260 and shall be used to improve resistance
to freeze/thaw cycles.

Admixtures: The following admixtures shall be used:
Type D Water Reducing/Retarding – ASTM C 494.

A hydration stabilizer that also meets the requirements of ASTM C 494 Type B Retarding or
Type D Water Reducing/Retarding admixtures. This stabilizer suspends cement hydration by
forming a protective barrier around the cementitious particles, which delays the particles from
achieving initial set.

Water:  Potable shall be used.

Proportions:
Cement Content:  For pavements subjected to vehicular traffic loading, the total cementitious
material shall not be less than 600 lbs. Per cy.
Aggregate Content:  the volume of aggregate per cu. yd. shall be equal to 27 cu.ft. when
calculated as a function of the unit weight determined in accordance with ASTM C 29 jigging
procedure.  Fine aggregate, if used, should not exceed 3 cu. ft. and shall be included in the
total aggregate volume.

Admixtures:  Shall be used in accordance with the manufacturer’s instructions and
recommendations.

Mix Water:  Mix water shall be such that the cement paste displays a wet metallic sheen
without causing the paste to flow from the aggregate.  (Mix water yielding a cement paste with
a dull-dry appearance has insufficient water for hydration).

• Insufficient water results in inconsistency in the mix and poor bond strength.
• High water content results in the paste sealing the void system primarily at the

bottom and poor surface bond.

An aggregate/cement (A/C) ratio range of 4:1 to 4.5:1 and a water/cement (W/C) ratio
range of 0.34 to 0.40 should produce pervious pavement of satisfactory properties in
regard to permeability, load carrying capacity, and durability characteristics.

INSTALLATION
Portland Cement Pervious Pavement Concrete Mixing, Hauling and Placing:
Mix Time:  Truck mixers shall be operated at the speed designated as mixing speed by the
manufacturer for 75 to 100 revolutions of the drum.

Transportation:  The Portland Cement aggregate mixture may be transported or mixed on site
and should be used within one (1) hour of the introduction of mix water, unless otherwise
approved by an engineer.  This time can be increased to 90 minutes when utilizing the hydration
stabilizer specified in Section 2.2.C.4.  Each truck should not haul more than two (2) loads
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before being cycled to another type concrete.  Prior to placing concrete, the subbase shall be
moistened and in a wet condition.  Failure to provide a moist subbase will result in a reduction
in strength of the pavement.

Discharge:  Each mixer truck will be inspected for appearance of concrete uniformity according
to Section 2.2.C.6.d.  Water may be added to obtain the required mix consistency.  A minimum
of 20 revolutions at the manufacturer’s designated mixing speed shall be required following
any addition of water to the mix.  Discharge shall be a continuous operation and shall be
completed as quickly as possible.  Concrete shall be deposited as close to its final position as
practicable and such that fresh concrete enters the mass of previously placed concrete.  The
practice of discharging onto subgrade and pulling or shoveling to final placement is not allowed.

Placing and Finishing Equipment:  Unless otherwise approved by the Owner or Engineer in
writing, the Contractor shall provide mechanical equipment of either slipform or form riding
with a following compactive unit that will provide a minimum of 10 psi vertical force.  The
pervious concrete pavement will be placed to the required cross section and shall not deviate
more than +/- 3/8 inch in 10 feet from profile grade.  If placing equipment does not provide the
minimum specified vertical force, a full width roller or other full width compaction device that
provides sufficient compactive effort shall be used immediately following the strike-off operation.
After mechanical or other approved strike-off and compaction operation, no other finishing
operation will be allowed.  If vibration, internal or surface applied, is used, it shall be shut off
immediately when forward progress is halted for any reason.  The Contractor will be restricted
to pavement placement widths of a maximum of fifteen (15’) feet unless the Contractor can
demonstrate competence to provide pavement placement widths greater than the maximum
specified to the satisfaction of the Engineer.

Curing:  Curing procedures shall begin within 20 minutes after the final placement operations.
The pavement surface shall be covered with a minimum six-(6) mil thick polyethylene sheet or
other approved covering material.  Prior to covering, a fog or light mist shall be sprayed above
the surface when required due to ambient conditions (high temperature, high wind, and low
humidity).  The cover shall overlap all exposed edges and shall be secured (without using dirt
or stone) to prevent dislocation due to winds or adjacent traffic conditions.

Cure Time:
1. Portland Cement Type I, II, or IS – 7 days minimum.
2. No truck traffic shall be allowed for 10 days (no passenger car/light trucks for 7

days).

Jointing:  Control (contraction) joints shall be installed at 20-foot intervals.  They shall be
installed at a depth of the 1/ 4 the thickness of the pavement.  These joints can be installed in
the plastic concrete or saw cut.  If saw cut, the procedure should begin as soon as the pavement
has hardened sufficiently to prevent raveling and uncontrolled cracking (normally after curing).
Transverse constructions joints shall be installed whenever placing is suspended a sufficient
length of time that concrete may begin to harden.  In order to assure aggregate bond at
construction joints, a bonding agent suitable for bonding fresh concrete shall be brushed,
tolled, or sprayed on the existing pavement surface edge.  Isolation (expansion) joints will not
be used except when pavement is abutting slabs or other adjoining structures.
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TESTING, INSPECTION, AND ACCEPTANCE
Laboratory Testing:
The owner will retain an independent testing laboratory.  The testing laboratory shall conform
to the applicable requirements of ASTM E 329 “Standard Recommended Practice for Inspection
and Testing Agencies for Concrete, Steel, and Bituminous Materials as Used in Construction”
and ASTM C 1077 “Standard Practice for Testing Concrete and Concrete Aggregates for use
in Construction, and Criteria for Laboratory Evaluation” and shall be inspected and accredited
by the Construction Materials Engineering Council, Inc. or by an equivalent recognized national
authority.

The Agent of the testing laboratory performing field sampling and testing of concrete shall be
certified by the American Concrete Institute as a Concrete Field Testing Technician Grade I,
or by a recognized state or national authority for an equivalent level of competence.

Testing and Acceptance:
A minimum of 1 gradation test of the subgrade is required every 5000 square feet to determine
percent passing the No. 200 sieve per ASTM C 117.
A minimum of one test for each day’s placement of pervious concrete in accordance with
ASTM C 172 and ASTM C 29 to verify unit weight shall be conducted.  Delivered unit weights
are to be determined in accordance with ASTM C 29 using a 0.25 cubic foot cylindrical metal
measure.  The measure is to be filled and compacted in accordance with ASTM C 29 paragraph
11, jigging procedure.  The unit weight of the delivered concrete shall be +/- 5 pcf of the
design unit weight.

Test panels shall have two cores taken from each panel in accordance with ASTM 42 at a
minimum of seven (7) days after placement of the pervious concrete.  The cores shall be
measured for thickness, void structure, and unit weight.  Untrimmed, hardened core samples
shall be used to determine placement thickness.  The average of all production cores shall
not be less than the specified thickness with no individual core being more than ½ inch less
than the specified thickness.  After thickness determination, the cores shall be trimmed and
measured for unit weight in the saturated condition as described in paragraph 6.3.1 of
‘Saturation’ of ASTM C 140 “Standard Methods of Sampling and Testing Concrete Masonry
Units.”  The trimmed cores shall be immersed in water for 24 hours, allowed to drain for one
(1) minute, surface water removed with a damp cloth, then weighed immediately.  Range of
satisfactory unit weight values are +/- 5 pcf of the design unit weight.

After a minimum of 7 days following each placement, three cores shall be taken in accordance
with ASTM C 42.  The cores shall be measured for thickness and unit weight determined as
described above for test panels.  Core holes shall be filled with concrete meeting the pervious
mix design.


