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Executive Summary
This report is a summary of the preliminary stormwater improvements design developed with funding
assistance from the American Recovery and Reinvestment Act Funds from the Environmental Protection

Agency (EPA) to the Massachusetts Department of Environmental Protection under Section 604(b) of the
Clean Water Act.

The Massachusetts Office of Coastal Zone Management (CZM) provided funding during fiscal year 2003

to perform a stormwater assessment and develop a comprehensive stormwater management plan.  That
assessment included sampling of 25 identified discharges (P-1 to P-25), classification of surrounding land
use, calculation of drainage area and runoff volumes, and prioritization of mitigation measures (see Figure

1). The three outfalls that are being addressed in this project area are: P-4 Captain Jack’s Wharf, P-5
Mechanic Street, and P-6 Coast Guard – Town Landing.  Although this grant is for the preliminary
stormwater improvements design for this area it will contribute to the commitment of improved water

quality in Provincetown Harbor.

In an effort to remediate Provincetown Harbor’s water quality issues, the Town was involved with
numerous State Agencies that provided grant funding, along with Town funds to remediate target areas.

The first step was identifying the 25 ocean outfalls that convey untreated stormwater to Provincetown
Harbor; the next step included prioritizing outfalls and installing stormwater improvements at each one.
Although effective, this approach is costly to the Town and granting agencies.  By addressing the

stormwater at the root of the problem, that being the generation of it from impervious surfaces, the
problem can be solved in a much more economical fashion.

As part of this project, a detailed survey was completed in addition to twelve soil borings to determine the

depth to groundwater and the type of subsurface soils.  Once that information was attained, analyses were
performed by the University of New Hampshire Stormwater Center in addition to a mounding study to
determine how the porous pavement would affect the groundwater level in the area.  The design evaluated

the structural load capacity of the proposed road base, the geotechnical suitability of the native soils, the
potential impacts of hydraulic loading upon the groundwater table and hydraulic mounding, and proposed
an asphalt mix-design to meet the traffic requirements.

Through the use of widespread infiltration the design seeks to help Provincetown address their need to
manage stormwater and beach impairments which occur from the discharge of untreated runoff from many
outfalls. The proposed design will fully manage runoff from the highly trafficked section of Commercial

Street in addition to managing rooftop runoff from adjacent buildings where feasible.
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Disclaimer/Acknowledgement of Support

This project has been financed partially with American Recovery and Reinvestment Act Funds from the
Environmental Protection Agency (EPA) to the Massachusetts Department of Environmental Protection

(the Department) under Section 604(b) of the Clean Water Act.  The contents do not necessarily reflect
the views and policies of EPA or of the Department, nor does the mention of trade names or commercial
products constitute endorsement or recommendation for use.
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1 Introduction

1.1 Background

Commercial Street in Provincetown is the downtown commercial area and “Main Street” of the Town and
provides primary access to Provincetown Harbor.  The recreational and commercial uses of Provincetown
Harbor play a significant role in the economy of Provincetown; tourists come to visit the beaches,

recreational shellfishing is popular among locals and visitors, and commercial fishing is an important
industry in Town.  Improving the health of this natural resource will contribute to the economic vitality of
the community.

Provincetown Harbor is currently listed on the 2008 Integrated List of Waters as a “Category 5” water
requiring a TMDL for pathogens and is a fragile resource that accommodates a multitude of recreational
and commercial activities and uses.  The importance of the Harbor to ecological systems, recreational

uses, and the local economy demands appropriate planning and assessment of external impacts that may
degrade this fragile resource.  Dense development and large amounts of impervious areas immediately
adjacent to the Harbor result in significant stormwater runoff reaching the Harbor waters.  The limited

drainage that is located on Commercial Street is inadequate and provides no infiltration prior to reaching
the groundwater, just direct discharges to Provincetown Harbor.

The primary pollutants of concern in stormwater runoff to Provincetown Harbor are bacteria and

sediments.  The stormwater runoff that discharges into Provincetown Harbor and the marine water in the
Harbor have been sampled extensively since at least 1978 for the presence of fecal coliform and other
parameters.  The Massachusetts Office of Coastal Zone Management (CZM) provided funding during

fiscal year 2003 to perform a stormwater assessment and develop a comprehensive stormwater
management plan.  That assessment included sampling of 25 identified discharges (P-1 to P-25),
classification of surrounding land use, calculation of drainage area and runoff volumes, and prioritization of

mitigation measures (see Figure 1).  The stormwater mitigation measures undertaken by the Town to date
are summarized in Table 1 below.

The three outfalls that are being addressed in this project area are: P-4 Captain Jack’s Wharf, P-5

Mechanic Street, and P-6 Coast Guard – Town Landing.  Although this grant is for the preliminary
stormwater improvements design for this area it will contribute to the commitment of improved water
quality in Provincetown Harbor.  The benefits will be well received locally and regionally because of the

Harbor being such an important resource and coordinated effort.
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TABLE 1 - STORMWATER MITIGATION MEASURES SUMMARY, PROVINCETOWN, MA

Outfall # Location Status
Funding
Source

P-1 Provincetown Inn Implementation - Complete
CZM FY06
CPR Grant

P-3 West End Lot Implementation - Complete
CZM FY09

CPR Grant

P-4 Captain Jack's
50% Design (Porous Pavement) -

Complete

FY09

604(b)/ARRA
Grant

P-5 Mechanic Street

P-6 Coast Guard - Town Landing

P-7 Atlantic Avenue Implementation - Complete
CZM FY05
CPR Grant

P-8 Court Street Implementation - Complete
FY08 s. 319

Grant

P-9 Post Office

Contract recently signed; 2012
(Porous Pavement) Construction

Planned

FY10 PWED
Grant

P-10 Gosnold Street

P-11 Ryder Street

P-13
Lands End (333 Commercial

Street)

Other(1) 276 Bradford Street Final Design - Complete Town Funded

Other(1) 252 Bradford Street Implementation – Spring 2011
FY08 s. 319

Grant

Notes: (1) Discharges to P-21, Kendall Lane.

1.2 Project Partners

Project Partners include:

MassDEP ARRA Project Coordinator

Town of Provincetown, Massachusetts

 Sandra M. Turner, Department of Public Works Deputy Director

GHD Inc., Town’s Engineering Consultant

University of New Hampshire Stormwater Center

 Robert Roseen, Director, D.WRE, P.E., Ph.D.

 Thomas Ballestero, Senior Scientist, P.E., Ph.D., PH, CGWP, PG
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1.3 Final Deliverables

The Tasks identified through this grant are as follows:

Task 1: Site Survey and Data Collection -

Deliverable 1: Submit detailed site plans suitable for completion of the design work in Task 3.

Task 2: Subsurface Investigation -

Deliverable 1: Submit draft soil boring SOP to USEPA and MassDEP for approval

Deliverable 2: Conduct soil borings per SOP

Deliverable 3: Provide log of soil borings to MassDEP

Task 3: Preliminary Design Plans – 50% Review –

Deliverable 1: Compile existing drainage, water quality, and infrastructure improvement plan
information.

Deliverable 2: Submit technical design memorandum on the potential use of porous asphalt in
project area.

Deliverable 3: Submit 50% design plans showing the drainage structures and limits of porous

asphalt for a minimum of three outfall sites for DEP and Town review and approval.

Deliverable 4: Submit front end documents and technical specifications for drainage structures,
porous asphalt, and other materials proposed for the three outfall sites.

Deliverable 5: Meet with Town officials to discuss 50% design level plans.

Deliverable 6: Provide copies of Meeting Notes.

Task 4: Reports –

Deliverable 1: Monthly progress reports, monthly invoices including a P.V. Attachment for Reporting
MBE/WBE Activity, quarterly progress and fiscal reports.

Deliverable 2: Draft and Final Report including final Town approved preliminary design plans.
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2 Project Approach

2.1 Project Approach Summary

In an effort to combat Provincetown Harbor’s water quality issues, the Town has been involved with
numerous State Agencies that have been providing grant funding, along with Town funds to remediate
target areas.  The first step was identifying the 25 ocean outfalls that convey untreated stormwater to

Provincetown Harbor; the next step included prioritizing outfalls and installing stormwater improvements at
each one.  Although effective, this approach is costly to the Town and granting agencies.  By addressing
the stormwater at the root of the problem, that being the generation of it from the impervious surface, the

problem can be solved in a much more economical fashion.

This design for the reconstruction of Commercial Street will consider the use of porous pavement to
capture and treat stormwater.  The larger aggregate used in the porous pavement allows water to infiltrate

rather than running off the surface.  Typically used in highway design where sheeting water is a significant
safety hazard, porous pavement is being used in increasing amounts of applications for water quality
improvements, most recently on Cape Cod in the Towns of Dennis and Yarmouth.  The infiltration of the

stormwater allows it to be filtered by the earth’s soils prior to entering the water table.  This filtering is one
of the best methods to remove the bacteria that cause beach and shell fishing closures.

In addition to the stormwater quality improvements, porous pavement also offers safety improvements.

The infiltration characteristics allow for water to soak into the mix before freezing and creating black ice on
areas.  This is a major concern for Commercial Street with the high volume of foot traffic it receives even
during winter months.

The design approach for this area is two-fold; to develop a solution that will effectively improve the water
quality of Provincetown Harbor by mitigating stormwater runoff and to reconstruct a portion of Commercial
Street. This portion of the grant funded project proposes to provide a preliminary design for the installation

of porous pavement as a solution to significantly improve the water quality that is discharged from the
project watershed area by three major ocean outfalls (P-4, P-5 and P-6).  In addition, porous pavement is
considered an innovative LID technique. Due to the space limitations that are present along portions of

Commercial Street and the amount of utilities present within the road layout, porous pavement installation
is a viable alternative to other drainage options.

2.2 Project Approach Details

In order to gather needed information and records of the project area and having a topographic site plan
developed that is suitable for design; a detailed property line survey was required.  The detailed property
survey includes all utilities, buildings, landscaped features, all pertinent surficial features and a detailed

property line survey.  Commercial Street has complicated utility infrastructure, dense development and
many unique structures (awnings, fencing, etc.).  Once the detailed property survey was complete,
subsurface investigations were completed.  A Standard Operating Procedure (SOP) was developed for the

twelve soil borings performed to determine soil conditions including depth to groundwater.  The SOP is
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included in Appendix A.  The soil boring logs are included in the Technical Design Memorandum
(Appendix B).

Once the topographic survey and subsurface investigations were completed, the preliminary design began
development.  The Town’s engineering consultant, GHD Inc. enlisted the assistance of the University of
New Hampshire Stormwater Center (UNHSC) at the onset of this project for their expertise and design

assistance.  UNHSC is a pioneer in porous pavement design and monitor the application under various
conditions at their test facility in Durham, New Hampshire.

2.3 Board of Selectmen Meeting

On December 13, 2010 a project summary and discussion of the results were presented to the Board of
Selectmen at regular public meeting by GHD Inc. and UNHSC; the presentation is included in Appendix C
in addition to the minutes from that meeting.  The project was well received by the Board of Selectmen

and of those in attendance.

3 Results

3.1      50% Design Results

The Technical Design Memorandum developed for this project is included in Appendix B.  This
memorandum includes an executive summary, the porous pavement concept design and evaluation, test
boring logs of underlying soils, groundwater tables, hydraulic mounding report, design specifications, and

evaluation of the availability of local aggregate materials.  Lastly, planning for long-term maintenance of
porous pavement using existing municipal equipment was evaluated.

Tidal influence on groundwater depth was indirectly considered when modeling was performed by the

UNHSC. The only publicly available real time data near to Commercial Street was the United States
Geological Survey (USGS) well in Brewster.  This well is approximately 3,000 feet from the coastline
whereas Commercial Street is on the order of 700 feet.  In the following figure, it is apparent that there is

little tidal influence at the USGS well (on the order of a few hundredths of a foot).
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Groundwater at Commercial Street would be expected to have more tidal influence because it is closer to
the coastline.  As a general logical conclusion about tidal effect, it has little bearing on the results because
by design there is little groundwater mounding away from Commercial Street itself due to the infiltration in

Commercial Street.

The more challenging thought process is to define how higher or lower tides affect groundwater flow with
and without the infiltration from a porous asphalt on Commercial Street.  If high tide raises the saltwater

lens elevation, then it also buoys the freshwater above it, and to the computer model, there is no change
to the mounding calculations, but the entire solution (the groundwater level) is raised by the degree that
the tide raised the entire groundwater system.

The reality is that between the pure salt water lens below and pure groundwater above, there is a mixing
zone of the two waters.  This is a much more challenging system to model, and without any hard field data
for model calibration, any modeling results would be suspect.  The mounding of fresh groundwater under

Commercial Street due to infiltration depresses the saltwater lens below.  This has the effect of minimizing
saltwater intrusion.  Injection wells along the California cost are designed for exactly this purpose.

Given all of the field data that was used for the modeling as well as the degree of mounding expected,

tidal influence will not perceptibly affect these results: mounding levels just outside of the road itself is very
small and low or high tides will not appreciably change this conclusion.
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1.0  PURPOSE AND APPLICATION 
 
The purpose of this Standard Operating Procedure (SOP) is to provide a protocol for performing 
subsurface soils investigations with standard, hollow-stem auger or direct push methods.  These 
are standard operating procedures which shall be used to conduct test pits to determine structural 
integrity of the existing subsurface soils and to determine the groundwater level for the design 
and applicability of pervious pavement.  Structural integrity will be established through 
measuring hydrological and geohydrological properties such as particle size distribution and 
hydraulic conductivity.  
 
 
2.0 GUIDELINES AND PROCEDURES 
 
2.1        Summary of Method and Procedures 
 
Three people, a drill operator, drill assistant and an engineer will be on-site performing the work 
for the test pit drilling and sampling.  Samples will be prepared by the engineer and analyticals 
will be done by a lab contracted by the engineer.  Prior to performing the soil borings, utility 
clearance will be performed by an air vacuum contractor (approximately 2 people) as 
subcontracted by the drilling company. 
 
2.1.1.   Overall Boring Procedure:  
 

1. Mark the location of the potential test pits in accordance with the site plan and boring 
locations figure located in Appendix (Appendix 5.1). 

 
2. Contact Dig Safe Systems, Inc. at (800) DIG-SAFE prior to any subsurface investigation.  

In addition, contact local utilities that may have underground services on or near the site.  
Appropriate notification to buried infrastructure delineation services must be given at 
least two weeks prior to the start of any drilling.  These entities must delineate any buried 
infrastructure within 25 feet of any boring site. 

 
Due to the congestion of the utilities in this area, air vacuuming the boring prior to 
drilling will occur.   

 
3. Secure traffic maintenance and/or uniformed police detail(s) as necessary to insure safety 

of drillers, engineer(s), pedestrians and vehicular traffic. Engineer is responsible for 
coordinating police detail coverage with the Department of Public Works.  Provincetown 
Police Department contact information is as follows: 

 
Sandra Turner, Deputy Director 
Department of Public Works 
26 Alden Street 
Provincetown, Massachusetts 02657                            Telephone: (508) 487-7060  
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Jeff Jaran, Provincetown Chief of Police 
26 Shank Painter Road 
Provincetown, Massachusetts 02657                             Telephone: (508) 487-1213 
 

 
4. Mobilize a drill to advance borings in accordance with the following drilling instructions: 

 
a. Borings should be spaced no farther apart than 200 feet, closer where soil 

lithology changes markedly. 
 
b. Boring should advance to a depth of either bedrock or 5 feet below the 

groundwater level, whichever is shallower.  These depths must be recorded in the 
logbook and boring log (see attached boring log example in Appendix 5.2).   

 
c. A minimum of a one foot long soil sample must be taken at 5-ft intervals, starting 

at 2 feet below grade and continuing to full depth.  Soil samples will be 
performed in general accordance with ASTM D-1586-99 (attached as Reference 
4.1).   

 
5. Prepare a report including all subsurface logs with a description of sampling and 

investigation methodology. 
 

6.  Conduct soil lab analysis to establish the current ground-water conditions of the aquifer, 
including particle size distribution and conductivity.  

 
2.1.2.  Test Pit Sampling Procedure:  
 
Test pits will be backfilled after the sample and representative information is collected for the 
boring log.  The drilled material shall be used to fill the test pit.  If the test pit is performed on an 
asphalt surface, the drilling contractor shall apply an asphalt/sakrete patch to the area disturbed 
to match existing conditions. 
 
At depths of 2 feet, 4 feet, and 6 feet, samples will be taken unless subsurface materials are 
uniform, then sample testing can be limited to a single sample at 4 feet depth.  The procedure for 
collecting grab samples of soil is as follows: 

 
a. Use a clean stainless steel trowel or spoon to collect sufficient material to fill the 

sample containers. 
 
b. Fill the sample containers directly from the sampling auger, removing stones, 

sticks, etc. from the sample.   
 

c. Immediately secure the caps on the sample container. 
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d. Label container with the appropriate soil boring number (B-1, B-2, etc. in 

accordance with the site plan located in Appendix 5.1), job number and date.  
Note: Container may be labeled prior to sample collection.   

 
e. Record samples (e.g., sample ID, location, depth, method, etc.) on attached logs 

(see Appendix 5.2). 
 

f. Fill out Chain of Custody (COC) form while still on site for every shipment of 
samples. Any errors on COC documents should be corrected by drawing a single 
line through the error and initialing and dating. The COC record is to accompany 
the samples. Every time possession of the samples is transferred the record should 
be signed and dated (including a time note) by everyone involved. Any opening 
or closing of the sample storage containers is to be documented. A copy of an 
example standard COC form is attached to this document (see Appendix 5.3). 

 
g. Conduct soil sample lab analysis to establish the structural integrity of the 

existing subsoils and determine geologic and hydrogeologic properties such as 
particle size distribution and hydraulic conductivity.  The following tests will be 
conducted by the lab: 

 
i. Particle Size Distribution Report including soil description, coefficients, 

and moisture content. 
 

ii. ASTM. (2006). D 2434: Test Method for Permeability of Granular Soils 
(Constant Head), American Society for Testing and Materials. The 
hydraulic conductivity shall be evaluated at 95% standard proctor 
compaction. 

 
iii. ASTM. (2007). D 698-07e1: Standard Test Methods for Laboratory 

Compaction Characteristics of Soil Using Standard Effort (12 400 ft-
lbf/ft3 (600 kN-m/m3)), American Society for Testing and Materials. 

 
iv. ASTM. (2007). D 1883 - 07e2 Standard Test Method for CBR (California 

Bearing Ratio) of Laboratory-Compacted Soils, American Society for 
Testing and Materials. 

 
2.2 Definitions 
 
Blow counts, a.k.a. hammer strikes = number of strikes required by the drill hammer to advance 
the sampler a specific depth. 
 
Lithology = A change in USDA soil classification. 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 2 
Revision Date: 3/30/10 

Page 6 of 8 

 
2.3 Health and Safety Warnings 
 
Proper drill rig mobilization, set-up and operation shall be performed by the licensed drill 
contractor.  A general or site-specific safety plan shall be implemented. Location of overhead 
and buried utility lines must be determined before drilling begins.  Work shall stop during 
lightning storms. 
 
2.4 Cautions 
 
Proper traffic signage is required for vehicular traffic to insure safety of drilling contractor and 
site engineer. If required, traffic safety control plans shall be developed and approved as needed. 
 
2.5 Interferences 
 
No interferences noted. 
 
2.6 Personnel Qualifications/Responsibilities 
 
The drilling contractor shall be licensed to operate the drill rig. Soil samplers shall be 
experienced in collecting representative environmental site characterization samples. 
 
2.7 Equipment and Supplies 
 
Equipment and Supplies Needed: 
 

a. Drill rig 
 
b. Log field paperwork (spiral bound field notebook) and copies of attached log examples 

 
c. Appropriate sample containers 

 
d. Permanent markers for labeling containers 

 
e. Stainless steel shovels, trowels, spoons or spatulas 

 
f. Asphalt/sakrete patch 

 
g. Protective gear including at a minimum; hard hat, steel-toed boots, safety vest 

 
h. Depth-to-water measuring device 

 
i. Decontamination supplies 
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2.8 Data and Records Management 
 
Field Log Information, at a minimum, field logs for test pit drilling will include the following 
documentation: 
 

a. Plan and profile sketches of the test pit showing materials encountered, the depth of 
material and sample locations. 

 
b. A description of the material removed from the auger. 

 
c. A record of samples collected. 

 
d. Depth to groundwater. 

 
e. Whether bedrock is present. 

 
f. Blow counts/hammer strikes measured per interval (intervals discussed in the drilling 

instructions).  Please note: no blow counts will available for the first 5 feet because of the 
air vacuuming technology being used prior to drilling.   

 
g. A COC form for every shipment of samples. 

 
 

3.0      QUALITY CONTROL AND ASSURANCE SECTION 
 

1.  Before drilling begins at each boring location, engineer and drilling contractor shall verify 
the boring ID to insure proper container is used for material collected. 

 
2. On-site engineer shall confirm the blow counts/hammer strikes measured by the drilling 

contractor prior to entering into the boring log. 
 
3. COC Form will be filled out and signed off (name date and time) as “relinquished by” 

and “received by”. 
 
 
4.0      REFERENCES 

  
4.1  ASTM D-1586-99, Standard Test Method for Penetration Test and Split-Barrel 

Sampling of Soils                                                                                               
4.2 ASTM D 698-07e1 Standard Test Methods for Laboratory Compaction Characteristics 

of Soil Using Standard Effort (12 400 ft-lbf/ft3 (600 kN-m/m3)) 
4.3  ASTM D 1883-07 Standard Test Method for CBR (California Bearing Ratio) of  Laboratory-  

             Compacted Soils 
4.4 ASTM D 2434-68 Standard Test Method for Permeability of Granular Soils (Constant    

Head) 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 2 
Revision Date: 3/30/10 

Page 8 of 8 

 
 

 
5.0      APPENDIX 

 
5.1  Site Plan with Boring Locations 
5.2  Boring Log Example 
5.3  Chain of Custody Form Example 

 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 
 
 

APPENDIX 4.1 
 

ASTM D-1586-99 – STANDARD TEST METHOD FOR PENETRATION TEST AND 
SPLIT-BARREL SAMPLING OF SOILS 

 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 

 
 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 
 

 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 

 
 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 

 
 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 

 
 

 



Title: Provincetown Harbor 
Stormwater Mitigation Project 

Revision Number: 1 
Revision Date: 3/30/10 

 
 
 

APPENDIX 4.2 
 

ASTM D 698-07E1 STANDARD TEST METHODS FOR LABORATORY 
COMPACTION CHARACTERISTICS OF SOIL USING STANDARD EFFORT (12 

400 FT-LBF.FT3 (600 KN-M/M3) 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Designation: D 698 – 07e1

Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using
Standard Effort (12 400 ft-lbf/ft3 (600 kN-m/m3))1

This standard is issued under the fixed designation D 698; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

e1 NOTE—Figure 2 was editorially corrected in July 2007.

1. Scope*

1.1 These test methods cover laboratory compaction meth-
ods used to determine the relationship between molding water
content and dry unit weight of soils (compaction curve)
compacted in a 4 or 6-in. (101.6 or 152.4-mm) diameter mold
with a 5.50-lbf (24.5-N) rammer dropped from a height of 12.0
in. (305 mm) producing a compactive effort of 12 400 ft-lbf/
ft3 (600 kN-m/m3).

NOTE 1—The equipment and procedures are similar as those proposed
by R. R. Proctor (Engineering News Record—September 7, 1933) with
this one major exception: his rammer blows were applied as “12 inch firm
strokes” instead of free fall, producing variable compactive effort depend-
ing on the operator, but probably in the range 15 000 to 25 000
ft-lbf/ft3 (700 to 1200 kN-m/m3). The standard effort test (see 3.1.3) is
sometimes referred to as the Proctor Test.

1.1.1 Soils and soil-aggregate mixtures are to be regarded as
natural occurring fine- or coarse-grained soils, or composites or
mixtures of natural soils, or mixtures of natural and processed
soils or aggregates such as gravel or crushed rock. Hereafter
referred to as either soil or material.

1.2 These test methods apply only to soils (materials) that
have 30 % or less by mass of particles retained on the 3⁄4-in.
(19.0-mm) sieve and have not been previously compacted in
the laboratory; that is, do not reuse compacted soil.

1.2.1 For relationships between unit weights and molding
water contents of soils with 30 % or less by mass of material
retained on the 3⁄4-in. (19.0-mm) sieve to unit weights and
molding water contents of the fraction passing 3⁄4-in. (19.0-
mm) sieve, see Practice D 4718.

1.3 Three alternative methods are provided. The method
used shall be as indicated in the specification for the material
being tested. If no method is specified, the choice should be
based on the material gradation.

1.3.1 Method A:

1.3.1.1 Mold—4-in. (101.6-mm) diameter.
1.3.1.2 Material—Passing No. 4 (4.75-mm) sieve.
1.3.1.3 Layers—Three.
1.3.1.4 Blows per Layer—25.
1.3.1.5 Usage—May be used if 25 % or less (see Section

1.4 ) by mass of the material is retained on the No. 4 (4.75-mm)
sieve.

1.3.1.6 Other Usage—If this gradation requirement cannot
be met, then Method C may be used.

1.3.2 Method B:
1.3.2.1 Mold—4-in. (101.6-mm) diameter.
1.3.2.2 Material—Passing 3⁄8-in. (9.5-mm) sieve.
1.3.2.3 Layers—Three.
1.3.2.4 Blows per Layer—25.
1.3.2.5 Usage—May be used if 25 % or less (see Section

1.4 ) by mass of the material is retained on the 3⁄8-in. (9.5-mm)
sieve.

1.3.2.6 Other Usage—If this gradation requirement cannot
be met, then Method C may be used.

1.3.3 Method C:
1.3.3.1 Mold—6-in. (152.4-mm) diameter.
1.3.3.2 Material—Passing 3⁄4-in. (19.0-mm) sieve.
1.3.3.3 Layers—Three.
1.3.3.4 Blows per Layer—56.
1.3.3.5 Usage—May be used if 30 % or less (see Section

1.4 ) by mass of the material is retained on the 3⁄4-in. (19.0-mm)
sieve.

1.3.4 The 6-in. (152.4-mm) diameter mold shall not be used
with Method A or B.

NOTE 2—Results have been found to vary slightly when a material is
tested at the same compactive effort in different size molds, with the
smaller mold size typically yielding larger values of density/unit weight
(1, pp. 21+).2

1.4 If the test specimen contains more than 5 % by mass of
oversize fraction (coarse fraction) and the material will not be
included in the test, corrections must be made to the unit mass

1 These Test Methods are under the jurisdiction of ASTM Committee D18 on
Soil and Rock and are the direct responsibility of Subcommittee D18.03 on Texture,
Plasticity and Density Characteristics of Soils.

Current edition approved April 15, 2007. Published July 2007. Originally
approved in 1942. Last previous edition approved in 2000 as D 698 – 00ae1 .

2 The boldface numbers in parentheses refer to the list of references at the end of
this standard.

1

*A Summary of Changes section appears at the end of this standard.
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and molding water content of the specimen or to the appropri-
ate field-in-place density test specimen using Practice D 4718.

1.5 This test method will generally produce a well-defined
maximum dry unit weight for non-free draining soils. If this
test method is used for free-draining soils the maximum unit
weight may not be well defined, and can be less than obtained
using Test Methods D 4253.

1.6 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D 6026, unless superseded by this standard.

1.6.1 For purposes of comparing measured or calculated
value(s) with specified limits, the measured or calculated
value(s) shall be rounded to the nearest decimal or significant
digits in the specified limits.

1.6.2 The procedures used to specify how data are collected/
recorded or calculated, in this standard are regarded as the
industry standard. In addition, they are representative of the
significant digits that generally should be retained. The proce-
dures used do not consider material variation, purpose for
obtaining the data, special purpose studies, or any consider-
ations for the user’s objectives; and it is common practice to
increase or reduce significant digits of reported data to be
commensurate with these considerations. It is beyond the scope
of this standard to consider significant digits used in analytical
methods for engineering design.

1.7 The values in inch-pound units are to be regarded as the
standard. The values stated in SI units are provided for
information only, except for units of mass. The units for mass
are given in SI units only, g or kg.

1.7.1 It is common practice in the engineering profession to
concurrently use pounds to represent both a unit of mass (lbm)
and a force (lbf). This implicitly combines two separate
systems of units; that is, the absolute system and the gravita-
tional system. It is scientifically undesirable to combine the use
of two separate sets of inch-pound units within a single
standard. This standard has been written using the gravitational
system of units when dealing with the inch-pound system. In
this system, the pound (lbf) represents a unit of force (weight).
However, the use of balances or scales recording pounds of
mass (lbm) or the recording of density in lbm/ft3 shall not be
regarded as a nonconformance with this standard.

1.8 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: 3

C 127 Test Method for Density, Relative Density (Specific
Gravity), and Absorption of Coarse Aggregate

C 136 Test Method for Sieve Analysis of Fine and Coarse
Aggregates

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids

D 854 Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer

D 2168 Test Methods for Calibration of Laboratory
Mechanical-Rammer Soil Compactors

D 2216 Test Methods for Laboratory Determination of Wa-
ter (Moisture) Content of Soil and Rock by Mass

D 2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D 2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D 3740 Practice for Minimum Requirements for Agencies
Engaged in the Testing and/or Inspection of Soil and Rock
as Used in Engineering Design and Construction

D 4253 Test Methods for Maximum Index Density and Unit
Weight of Soils Using a Vibratory Table

D 4718 Practice for Correction of Unit Weight and Water
Content for Soils Containing Oversize Particles

D 4753 Guide for Evaluating, Selecting, and Specifying
Balances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D 4914 Test Methods for Density of Soil and Rock in Place
by the Sand Replacement Method in a Test Pit

D 5030 Test Method for Density of Soil and Rock in Place
by the Water Replacement Method in a Test Pit

D 6026 Practice for Using Significant Digits in Geotechni-
cal Data

D 6913 Test Methods for Particle-Size Distribution (Grada-
tion) of Soils Using Sieve Analysis

E 11 Specification for Wire Cloth and Sieves for Testing
Purposes

E 177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E 691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

IEEE/ASTM SI 10 Standard for Use of the International
System of Units (SI): the Modern Metric System

3. Terminology

3.1 Definitions—See Terminology D 653 for general defini-
tions.

3.1.1 molding water content, n—the adjusted water content
of a soil (material) that will be compacted/reconstituted.

3.1.2 standard effort—in compaction testing, the term for
the 12 400 ft-lbf/ft3 (600 kN-m/m3) compactive effort applied
by the equipment and methods of this test.

3.1.3 standard maximum dry unit weight, gd,max in lbf/
ft3 (kN/m3)—in compaction testing, the maximum value de-
fined by the compaction curve for a compaction test using
standard effort.

3.1.4 standard optimum water content, wopt in %—in com-
paction testing, the molding water content at which a soil can
be compacted to the maximum dry unit weight using standard
compactive effort.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 oversize fraction (coarse fraction), PC in %—the por-

tion of total specimen not used in performing the compaction
test; it may be the portion of total specimen retained on the No.

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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4 (4.75-mm) sieve in Method A, 3⁄8-in. (9.5-mm) sieve in
Method B, or 3⁄4-in. (19.0-mm) sieve in Method C.

3.2.2 test fraction (finer fraction), PF in %—the portion of
the total specimen used in performing the compaction test; it is
the fraction passing the No. 4 (4.75-mm) sieve in Method A,
passing the 3⁄8-in. (9.5-mm) sieve in Method B, or passing the
3⁄4-in. (19.0-mm) sieve in Method C.

4. Summary of Test Method

4.1 A soil at a selected molding water content is placed in
three layers into a mold of given dimensions, with each layer
compacted by 25 or 56 blows of a 5.50-lbf (24.47-N) rammer
dropped from a distance of 12.00 in. (304.8 mm), subjecting
the soil to a total compactive effort of about 12 400 ft-lbf/
ft3 (600 kN-m/m3). The resulting dry unit weight is deter-
mined. The procedure is repeated for a sufficient number of
molding water contents to establish a relationship between the
dry unit weight and the molding water content for the soil. This
data, when plotted, represents a curvilinear relationship known
as the compaction curve. The values of optimum water content
and standard maximum dry unit weight are determined from
the compaction curve.

5. Significance and Use

5.1 Soil placed as engineering fill (embankments, founda-
tion pads, road bases) is compacted to a dense state to obtain
satisfactory engineering properties such as, shear strength,
compressibility, or permeability. In addition, foundation soils
are often compacted to improve their engineering properties.
Laboratory compaction tests provide the basis for determining
the percent compaction and molding water content needed to
achieve the required engineering properties, and for controlling
construction to assure that the required compaction and water
contents are achieved.

5.2 During design of an engineered fill, shear, consolidation,
permeability, or other tests require preparation of test speci-
mens by compacting at some molding water content to some
unit weight. It is common practice to first determine the
optimum water content (wopt) and maximum dry unit weight
(gd,max) by means of a compaction test. Test specimens are
compacted at a selected molding water content (w), either wet
or dry of optimum (wopt) or at optimum (wopt), and at a selected
dry unit weight related to a percentage of maximum dry unit
weight (gd,max). The selection of molding water content (w),
either wet or dry of optimum (wopt) or at optimum (wopt) and
the dry unit weight (gd,max) may be based on past experience,
or a range of values may be investigated to determine the
necessary percent of compaction.

5.3 Experience indicates that the methods outlined in 5.2 or
the construction control aspects discussed in 5.1 are extremely
difficult to implement or yield erroneous results when dealing
with certain soils. 5.3.1-5.3.3 describe typical problem soils,
the problems encountered when dealing with such soils and
possible solutions for these problems.

5.3.1 Oversize Fraction—Soils containing more than 30 %
oversize fraction (material retained on the 3⁄4-in. (19-mm)
sieve) are a problem. For such soils, there is no ASTM test
method to control their compaction and very few laboratories
are equipped to determine the laboratory maximum unit weight

(density) of such soils (USDI Bureau of Reclamation, Denver,
CO and U.S. Army Corps of Engineers, Vicksburg, MS).
Although Test Methods D 4914 and D 5030 determine the
“field” dry unit weight of such soils, they are difficult and
expensive to perform.

5.3.1.1 One method to design and control the compaction of
such soils is to use a test fill to determine the required degree
of compaction and the method to obtain that compaction,
followed by use of a method specification to control the
compaction. Components of a method specification typically
contain the type and size of compaction equipment to be used,
the lift thickness, acceptable range in molding water content,
and the number of passes.

NOTE 3—Success in executing the compaction control of an earthwork
project, especially when a method specification is used, is highly
dependent upon the quality and experience of the contractor and inspector.

5.3.1.2 Another method is to apply the use of density
correction factors developed by the USDI Bureau of Reclama-
tion (2,3) and U.S. Corps of Engineers (4). These correction
factors may be applied for soils containing up to about 50 to
70 % oversize fraction. Each agency uses a different term for
these density correction factors. The USDI Bureau of Recla-
mation uses D ratio (or D–VALUE), while the U.S. Corps of
Engineers uses Density Interference Coefficient (Ic).

5.3.1.3 The use of the replacement technique (Test Method
D 698–78, Method D), in which the oversize fraction is
replaced with a finer fraction, is inappropriate to determine the
maximum dry unit weight, gd,max, of soils containing oversize
fractions (4).

5.3.2 Degradation—Soils containing particles that degrade
during compaction are a problem, especially when more
degradation occurs during laboratory compaction than field
compaction, as is typical. Degradation typically occurs during
the compaction of a granular-residual soil or aggregate. When
degradation occurs, the maximum dry-unit weight increases (1,
p. 73) so that the laboratory maximum value is not represen-
tative of field conditions. Often, in these cases, the maximum
dry unit weight is impossible to achieve in the field.

5.3.2.1 Again, for soils subject to degradation, the use of
test fills and method specifications may help. Use of replace-
ment techniques is not correct.

5.3.3 Gap Graded—Gap-graded soils (soils containing
many large particles with limited small particles) are a problem
because the compacted soil will have larger voids than usual.
To handle these large voids, standard test methods (laboratory
or field) typically have to be modified using engineering
judgement.

NOTE 4—The quality of the result produced by this standard is
dependent on the competence of the personnel performing it, and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D 3740 are generally considered capable of competent
and objective testing/sampling/inspection, and the like. Users of this
standard are cautioned that compliance with Practice D 3740 does not in
itself assure reliable results. Reliable results depend on many factors;
Practice D 3740 provides a means of evaluating some of those factors.

6. Apparatus

6.1 Mold Assembly—The molds shall be cylindrical in
shape, made of rigid metal and be within the capacity and
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dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and 2. See
also Table 1. The walls of the mold may be solid, split, or
tapered. The “split” type may consist of two half-round
sections, or a section of pipe split along one element, which can
be securely locked together to form a cylinder meeting the
requirements of this section. The “tapered” type shall have an
internal diameter taper that is uniform and not more than 0.200
in./ft (16.7 mm/m) of mold height. Each mold shall have a base
plate and an extension collar assembly, both made of rigid
metal and constructed so they can be securely attached and
easily detached from the mold. The extension collar assembly
shall have a height extending above the top of the mold of at
least 2.0 in. (51 mm) which may include an upper section that
flares out to form a funnel, provided there is at least a 0.75 in.
(19 mm) straight cylindrical section beneath it. The extension
collar shall align with the inside of the mold. The bottom of the
base plate and bottom of the centrally recessed area that
accepts the cylindrical mold shall be planar within 60.005 in.
(60.1 mm).

6.1.1 Mold, 4 in.—A mold having a 4.000 6 0.016-in.
(101.6 6 0.4-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm) and a volume of 0.0333 6 0.0005
ft3 (943.0 6 14 cm3). A mold assembly having the minimum
required features is shown in Fig. 1.

6.1.2 Mold, 6 in.—A mold having a 6.000 6 0.026-in.
(152.4 6 0.7-mm) average inside diameter, a height of 4.584 6

0.018 in. (116.4 6 0.5 mm), and a volume of 0.0750 6 0.0009
ft3 (2124 6 25 cm3). A mold assembly having the minimum
required features is shown in Fig. 2.

6.2 Rammer—A rammer, either manually operated as de-
scribed further in 6.2.1 or mechanically operated as described
in 6.2.2. The rammer shall fall freely through a distance of
12.00 6 0.05 in. (304.8 6 1 mm) from the surface of the
specimen. The weight of the rammer shall be 5.50 6 0.02 lbf
(24.47 6 0.09 N, or mass of 2.495 6 0.023 kg), except that the
weight of the mechanical rammers may be adjusted as de-
scribed in Test Methods D 2168; see Note 5. The striking face
of the rammer shall be planar and circular, except as noted in
6.2.2.1, with a diameter when new of 2.000 6 0.005 in. (50.80
6 0.13 mm). The rammer shall be replaced if the striking face
becomes worn or bellied to the extent that the diameter exceeds
2.000 6 0.01 in. (50.80 6 0.25 mm).

NOTE 5—It is a common and acceptable practice to determine the
weight of the rammer using either a kilogram or pound balance and

assume 1 lbf is equivalent to 0.4536 kg, 1 lbf is equivalent to 1 lbm, or 1
N is equivalent to 0.2248 lbf or 0.1020 kg.

6.2.1 Manual Rammer—The rammer shall be equipped
with a guide sleeve that has sufficient clearance that the free
fall of the rammer shaft and head is not restricted. The guide
sleeve shall have at least four vent holes at each end (eight
holes total) located with centers 3⁄4 6 1⁄16 in. (19 6 2 mm) from
each end and spaced 90 degrees apart. The minimum diameter
of the vent holes shall be 3⁄8 in. (9.5 mm). Additional holes or
slots may be incorporated in the guide sleeve.

6.2.2 Mechanical Rammer-Circular Face—The rammer
shall operate mechanically in such a manner as to provide
uniform and complete coverage of the specimen surface. There
shall be 0.10 6 0.03-in. (2.5 6 0.8-mm) clearance between the
rammer and the inside surface of the mold at its smallest
diameter. The mechanical rammer shall meet the
standardization/calibration requirements of Test Methods
D 2168. The mechanical rammer shall be equipped with a
positive mechanical means to support the rammer when not in
operation.

FIG. 1 4.0-in. Cylindrical Mold

FIG. 2 6.0-in. Cylindrical Mold

TABLE 1 Metric Equivalents for Figs. 1 and 2

in. mm

0.016 0.41
0.026 0.66
0.032 0.81
0.028 0.71
1⁄2 12.70
21⁄2 63.50
25⁄8 66.70
4 101.60
41⁄2 114.30
4.584 116.43
43⁄4 120.60
6 152.40
61⁄2 165.10
65⁄8 168.30
63⁄4 171.40
81⁄4 209.60

ft3 cm3

1⁄30 (0.0333) 943
0.0005 14
(0.0750) 2,124
0.0011 31
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6.2.2.1 Mechanical Rammer-Sector Face—The sector face
shall be used with the 6-in. (152.4-mm) mold, in place of the
circular face rammer. The striking face shall have the shape of
a sector of a circle of radius equal to 2.90 6 0.02.in. (73.7 6

0.5.mm) and an area about the same as the circular face, see
6.2. The rammer shall operate in such a manner that the vertex
of the sector is positioned at the center of the specimen.

6.3 Sample Extruder (optional)—A jack, with frame or
other device adapted for the purpose of extruding compacted
specimens from the mold.

6.4 Balance—A Class GP5 balance meeting the require-
ments of Specification D 4753 for a balance of 1-g readability.
If the water content of the compacted specimens is determined
using a representative portion of the specimen, rather than the
whole specimen, and if the representative portion is less than
1000 g, a Class GP2 balance having a 0.1-g readability is
needed in order to comply with Test Methods D 2216 require-
ments for determining water content to 0.1 %.

NOTE 6—Use of a balance having an equivalent capacity and a
readability of 0.002 lbm as an alternative to a class GP5 balance should
not be regarded as nonconformance to this standard.

6.5 Drying Oven—Thermostatically controlled oven, ca-
pable of maintaining a uniform temperature of 230 6 9°F (110
6 5°C) throughout the drying chamber. These requirements
typically require the use of a forced-draft type oven. Preferably
the oven should be vented outside the building.

6.6 Straightedge—A stiff metal straightedge of any conve-
nient length but not less than 10 in. (250 mm). The total length
of the straightedge shall be machined straight to a tolerance of
6 0.005 in. (6 0.1 mm). The scraping edge shall be beveled if
it is thicker than 1⁄8 in. (3 mm).

6.7 Sieves—3⁄4 in. (19.0 mm), 3⁄8 in. (9.5 mm), and No. 4
(4.75 mm), conforming to the requirements of Specification
E 11.

6.8 Mixing Tools—Miscellaneous tools such as mixing pan,
spoon, trowel, spatula, spraying device (to add water evenly),
and (preferably, but optional) suitable mechanical device for
thoroughly mixing the subspecimen of soil with increments of
water.

7. Standardization/Calibration

7.1 Perform standardizations before initial use, after repairs
or other occurrences that might affect the test results, at
intervals not exceeding 1,000 test specimens, or annually,
whichever occurs first, for the following apparatus:

7.1.1 Balance—Evaluate in accordance with Specification
D 4753.

7.1.2 Molds—Determine the volume as described in Annex
A1.

7.1.3 Manual Rammer—Verify the free fall distance, ram-
mer weight, and rammer face are in accordance with 6.2. Verify
the guide sleeve requirements are in accordance with 6.2.1.

7.1.4 Mechanical Rammer—Verify and adjust if necessary
that the mechanical rammer is in accordance with Test Method
D 2168. In addition, the clearance between the rammer and the
inside surface of the mold shall be verified in accordance with
6.2.2.

8. Test Specimen

8.1 The minimum specimen (test fraction) mass for Meth-
ods A and B is about 16 kg, and for Method C is about 29 kg
of dry soil. Therefore, the field sample should have a moist
mass of at least 23 kg and 45 kg, respectively. Greater masses
would be required if the oversize fraction is large (see 10.2 or
10.3) or an additional molding water content is taken during
compaction of each point (see 10.4.2.1).

8.2 If gradation data is not available, estimate the percent-
age of material (by mass) retained on the No. 4 (4.75-mm),
3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve as appropriate for
selecting Method A, B, or C, respectively. If it appears the
percentage retained of interest is close to the allowable value
for a given Method (A, B, or C), then either:

8.2.1 Select a Method that allows a higher percentage
retained (B or C).

8.2.2 Using the Method of interest, process the specimen in
accordance with 10.2 or 10.3, this determines the percentage
retained for that method. If acceptable, proceed, if not go to the
next Method (B or C).

8.2.3 Determine percentage retained values by using a
representative portion from the total sample, and performing a
simplified or complete gradation analysis using the sieve(s) of
interest and Test Method D 6913 or C 136. It is only necessary
to calculate the retained percentage(s) for the sieve or sieves
for which information is desired.

9. Preparation of Apparatus

9.1 Select the proper compaction mold(s), collar, and base
plate in accordance with the Method (A, B, or C) being used.
Check that its volume is known and determined with or without
base plate, free of nicks or dents, and will fit together properly.

NOTE 7—Mass requirements are given in 10.4.

9.2 Check that the manual or mechanical rammer assembly
is in good working condition and that parts are not loose or
worn. Make any necessary adjustments or repairs. If adjust-
ments or repairs are made, the rammer must be re-standardized.

10. Procedure

10.1 Soils:
10.1.1 Do not reuse soil that has been previously compacted

in the laboratory. The reuse of previously compacted soil yields
a significantly greater maximum dry unit weight (1, p. 31).

10.1.2 When using this test method for soils containing
hydrated halloysite, or in which past experience indicates that
results will be altered by air-drying, use the moist preparation
method (see 10.2). In referee testing, each laboratory has to use
the same method of preparation, either moist (preferred) or
air-dried.

10.1.3 Prepare the soil specimens for testing in accordance
with 10.2 (preferred) or with 10.3.

10.2 Moist Preparation Method (preferred)—Without pre-
viously drying the sample/specimen, process it over a No. 4
(4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm) sieve, de-
pending on the Method (A, B, or C) being used or required as
covered in 8.2. For additional processing details, see Test
Method D 6913. Determine and record the mass of both the
retained and passing portions (oversize fraction and test

D 698 – 07e1

5



fraction, respectively) to the nearest g. Oven dry the oversize
fraction and determine and record its dry mass to the nearest g.
If it appears more than 0.5 % of the total dry mass of the
specimen is adhering to the oversize fraction, wash that
fraction. Then determine and record its oven dry mass to the
nearest g. Determine and record the water content of the
processed soil (test fraction). Using that water content, deter-
mine and record the oven dry mass of the test fraction to the
nearest g. Based on these oven dry masses, the percent oversize
fraction, PC, and test fraction, PF, shall be determined and
recorded, unless a gradation analysis has already been per-
formed, see Section 11 on Calculations.

10.2.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens having molding water contents
such that they bracket the estimated optimum water content. A
subspecimen having a molding water content close to optimum
should be prepared first by trial additions or removals of water
and mixing (see Note 8). Select molding water contents for the
rest of the subspecimens to provide at least two subspecimens
wet and two subspecimens dry of optimum, and molding water
contents varying by about 2 %. At least two molding water
contents are necessary on the wet and dry side of optimum to
define the dry-unit-weight compaction curve (see 10.5). Some
soils with very high optimum water content or a relatively flat
compaction curve may require larger molding water content
increments to obtain a well-defined maximum dry unit weight.
Molding water content increments should not exceed about
4 %.

NOTE 8—With practice it is usually possible to visually judge a point
near optimum water content. Typically, cohesive soils at the optimum
water content can be squeezed into a lump that sticks together when hand
pressure is released, but will break cleanly into two sections when “bent.”
They tend to crumble at molding water contents dry of optimum; while,
they tend to stick together in a sticky cohesive mass wet of optimum. The
optimum water content is typically slightly less than the plastic limit.
While for cohesionless soils, the optimum water content is typically close
to zero or at the point where bleeding occurs.

10.2.2 Thoroughly mix the test fraction, then using a scoop
select representative soil for each subspecimen (compaction
point). Select about 2.3 kg when using Method A or B, or about
5.9 kg for Method C. Test Method D 6913 section on Specimen
and Annex A2 gives additional details on obtaining represen-
tative soil using this procedure and why it is the preferred
method. To obtain the subspecimen’s molding water contents
selected in 10.2.1, add or remove the required amounts of
water as follows. To add water, spray it into the soil during
mixing; to remove water, allow the soil to dry in air at ambient
temperature or in a drying apparatus such that the temperature
of the sample does not exceed 140°F (60°C). Mix the soil
frequently during drying to facilitate an even water content
distribution. Thoroughly mix each subspecimen to facilitate
even distribution of water throughout and then place in a
separate covered container to stand (cure) in accordance with
Table 2 prior to compaction. For selecting a standing time, the
soil may be classified using Practice D 2487, Practice D 2488
or data on other samples from the same material source. For
referee testing, classification shall be by Practice D 2487.

10.3 Dry Preparation Method—If the sample/specimen is
too damp to be friable, reduce the water content by air drying

until the material is friable. Drying may be in air or by the use
of drying apparatus such that the temperature of the sample
does not exceed 140°F (60°C). Thoroughly break up the
aggregations in such a manner as to avoid breaking individual
particles. Process the material over the appropriate sieve: No.
4 (4.75-mm), 3⁄8-in. (9.5-mm), or 3⁄4-in. (19.0-mm). When
preparing the material by passing over the 3⁄4-in. sieve for
compaction in the 6-in. mold, break up aggregations suffi-
ciently to at least pass the 3⁄8-in. sieve in order to facilitate the
distribution of water throughout the soil in later mixing.
Determine and record the water content of the test fraction and
all masses covered in 10.2, as applicable to determine the
percent oversize fraction, PC, and test fraction, PF.

10.3.1 From the test fraction, select and prepare at least four
(preferably five) subspecimens in accordance with 10.2.1 and
10.2.2, except for the following: Use either a mechanical
splitting or quartering process to obtain the subspecimens. As
stated in Test Method D 6913, both of these processes will
yield non-uniform subspecimens compared to the moist pro-
cedure. Typically, only the addition of water to each subspeci-
men will be required.

10.4 Compaction—After standing (curing), if required, each
subspecimen (compaction point) shall be compacted as fol-
lows:

10.4.1 Determine and record the mass of the mold or mold
and base plate, see 10.4.7.

10.4.2 Assemble and secure the mold and collar to the base
plate. Check the alignment of the inner wall of the mold and
mold extension collar. Adjust if necessary. The mold shall rest,
without wobbling/rocking on a uniform rigid foundation, such
as provided by a cylinder or cube of concrete with a weight or
mass of not less than 200-lbf or 91-kg, respectively. Secure the
base plate to the rigid foundation. The method of attachment to
the rigid foundation shall allow easy removal of the assembled
mold, collar and base plate after compaction is completed.

10.4.2.1 During compaction, it is advantageous but not
required to determine the water content of each subspecimen.
This provides a check on the molding water content determined
for each compaction point and the magnitude of bleeding, see
10.4.9. However, more soil will have to be selected for each
subspecimen than stated in 10.2.2.

10.4.3 Compact the soil in three layers. After compaction,
each layer should be approximately equal in thickness and
extend into the collar. Prior to compaction, place the loose soil
into the mold and spread into a layer of uniform thickness.
Lightly tamp the soil prior to compaction until it is not in a
fluffy or loose state, using either the manual rammer or a
26-in. (506-mm) diameter cylinder. Following compaction of
each of the first two layers, any soil that has not been
compacted; such as adjacent to the mold walls or extends
above the compacted surface (up the mold walls) shall be
trimmed. The trimmed soil shall be discarded. A knife or other

TABLE 2 Required Standing Times of Moisturized Specimens

Classification Minimum Standing Time, h

GW, GP, SW, SP No Requirement
GM, SM 3
All other soils 16
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suitable device may be used. The total amount of soil used shall
be such that the third compacted layer slightly extends into the
collar, but does not extend more than approximately 1⁄4-in.
(6-mm) above the top of the mold. If the third layer does
extend above this limit, then the compaction point shall be
discarded. In addition, the compaction point shall be discarded
when the last blow on the rammer for the third layer results in
the bottom of the rammer extending below the top of the
compaction mold; unless the soil is pliable enough, that this
surface can easily be forced above the top of the compaction
mold during trimming (see Note 9).

10.4.4 Compact each layer with 25 blows for the 4-in.
(101.6-mm) mold or with 56 blows for the 6-in. (152.4-mm)
mold. The manual rammer shall be used for referee testing.

10.4.5 In operating the manual rammer, take care to avoid
lifting the guide sleeve during the rammer upstroke. Hold the
guide sleeve steady and within 5° of vertical. Apply the blows
at a uniform rate of about 25 blows/min and in such a manner
as to provide complete, uniform coverage of the specimen
surface. When using a 4-in. (101.6-mm) mold and manual
rammer, follow the blow pattern given in Fig. 3a and Fig. 3b;
while for a mechanical rammer, follow the pattern in Fig. 3b.
When using a 6-in. (152.4-mm) mold and manual rammer,
follow the blow pattern given in Fig. 4 up to the 9th blow, then
systematically around the mold (Fig. 3b) and in the middle;
while for a mechanical rammer use a sector face and a pattern
having the logic given in Fig. 3b. If the surface of the
compacted soil becomes highly uneven (see Note 9), then
adjust the pattern to follow the logic given in Fig. 3a or Fig. 4.
This will most likely void the use of a mechanical rammer for
such compaction points.

NOTE 9—When compacting specimens wetter than optimum water
content, uneven compacted surfaces can occur and operator judgement is
required as to the average height of the specimen and rammer pattern
during compaction.

10.4.6 Following compaction of the last layer, remove the
collar and base plate (except as noted in 10.4.7) from the mold.
A knife may be used to trim the soil adjacent to the collar to
loosen the soil from the collar before removal to avoid
disrupting the soil below the top of the mold. In addition, to
prevent/reduce soil sticking to the collar or base plate, rotate
them before removal.

10.4.7 Carefully trim the compacted specimen even with the
top of the mold by means of the straightedge scraped across the

top of the mold to form a plane surface even with the top of the
mold. Initial trimming of the specimen above the top of the
mold with a knife may prevent the soil from tearing below the
top of the mold. Fill any holes in the top surface with unused
or trimmed soil from the specimen, press in with the fingers,
and again scrape the straightedge across the top of the mold. If
gravel size particles are encountered, trim around them or
remove them, whichever is the easiest and reduces the distur-
bance of the compacted soil. The estimated volume of particles
above the surface of the compacted soil and holes in that
surface shall be equal, fill in remaining holes as mentioned
above. Repeat the appropriate preceding operations on the
bottom of the specimen when the mold volume was determined
without the base plate. For very wet or dry soils, soil or water
may be lost if the base plate is removed. For these situations,
leave the base plate attached to the mold. When the base plate
is left attached, the volume of the mold must be calibrated with
the base plate attached to the mold rather than a plastic or glass
plate as noted in Annex A1, A1.4.

10.4.8 Determine and record the mass of the specimen and
mold to the nearest g. When the base plate is left attached,
determine and record the mass of the specimen, mold and base
plate to the nearest g.

10.4.9 Remove the material from the mold. Obtain a speci-
men for molding water content by using either the whole
specimen (preferred method) or a representative portion. When
the entire specimen is used, break it up to facilitate drying.
Otherwise, obtain a representative portion of the three layers,
removing enough material from the specimen to report the
water content to 0.1 %. The mass of the representative portion
of soil shall conform to the requirements of Table 1, Method B,
of Test Methods D 2216. Determine the molding water content
in accordance with Test Methods D 2216.

10.5 Following compaction of the last specimen, compare
the wet unit weights to ensure that a desired pattern of
obtaining data on each side of the optimum water content will
be attained for the dry-unit-weight compaction curve. Plotting
the wet unit weight and molding water content of each
compacted specimen can be an aid in making the above
evaluation. If the desired pattern is not obtained, additional
compacted specimens will be required. Generally, for experi-
enced plotters of compaction curves, one compaction point wet
of the optimum water content is adequate to define the
maximum wet unit weight, see 11.2.

FIG. 3 Rammer Pattern for Compaction in 4 in. (101.6 mm) Mold
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11. Calculations and Plotting (Compaction Curve)

11.1 Fraction Percentages—If gradation data from Test
Method D 6913 is not available, calculate the dry mass of the
test fraction, percentage of oversize fraction and test fraction as
covered below and using the data from 10.2 or 10.3:

11.1.1 Test Fraction—Determine the dry mass of the test
fraction as follows:

Md,tf 5
Mm,tf

1 1
wtf

100

(1)

where:
Md,tf = dry mass of test fraction, nearest g or 0.001 kg,
Mm,tf = moist mass of test fraction, nearest g or 0.001 kg,

and
wtf = water content of test fraction, nearest 0.1 %.

11.1.2 Oversize Fraction Percentage—Determine the over-
size (coarse) fraction percentage as follows:

PC 5
Md,of

Md,of 1 Md,tf
(2)

where:
PC = percentage of oversize (coarse) fraction, near-

est %, and
Md,of = dry mass of oversize fraction, nearest g or 0.001

kg,
11.1.3 Test Fraction Percentage—Determine the test (finer)

fraction percentage as follows:

PF 5 100 – PC (3)

where:
PF = percentage of test (finer) fraction, nearest %.

11.2 Density and Unit Weight—Calculate the molding water
content, moist density, dry density, and dry unit weight of each
compacted specimen as explained below.

11.2.1 Molding Water Content, w—Calculate in accordance
with Test Methods D 2216 to nearest 0.1 %.

11.2.2 Density and Unit Weights—Calculate the moist (to-
tal) density (Eq 4), the dry density (Eq 5), and then the dry unit
weight (Eq 6) as follows:

11.2.2.1 Moist Density:

rm 5 K 3
~Mt – Mmd!

V (4)

where:
rm = moist density of compacted subspecimen (compac-

tion point), four significant digits, g/cm3 or kg/m3,
Mt = mass of moist soil in mold and mold, nearest g,
Mmd = mass of compaction mold, nearest g,
V = volume of compaction mold, cm3 or m3 (see Annex

A1), and
K = conversion constant, depending on density units

and volume units.
Use 1 for g/cm3 and volume in cm3.
Use 1000 for g/cm3 and volume in m3.
Use 0.001 for kg/cm3 and volume in m3.
Use 1000 for kg/m3 and volume in cm3.

11.2.2.2 Dry Density:

rd 5
rm

1 1
w

100

(5)

where:
rd = dry density of compaction point, four significant

digits, g/cm3 or kg/m3, and
w = molding water content of compaction point, nearest

0.1 %.
11.2.2.3 Dry Unit Weight:

gd 5 K1 3 rd in lbf/ft3 (6)

FIG. 4 Rammer Pattern for Compaction in 6 in. (152.4 mm) Mold
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or

gd 5 K2 3 rd in kN/m3 (7)

where:
gd = dry unit weight of compacted specimen, four signifi-

cant digits, in lbf/ft3 or kN/m3,
K1 = conversion constant, depending on density units,

Use 62.428 for density in g/cm3, or
Use 0.062428 for density in kg/m3,

K2 = conversion constant, depending on density units,
Use 9.8066 for density in g/cm3, or
Use 0.0098066 for density in kg/m3.

11.3 Compaction Curve—Plot the dry unit weight and
molding water content values, the saturation curve (see 11.3.2),
and draw the compaction curve as a smooth curve through the
points (see example, Fig. 5). For each point on the compaction
curve, calculate, record, and plot dry unit weight to the nearest
0.1 lbf/ft3 (0.02 kN/m3) and molding water content to the
nearest 0.1 %. From the compaction curve, determine the
compaction results: optimum water content, to nearest 0.1 %
and maximum dry unit weight, to the nearest 0.1 lbf/ft3 (0.02
kN/m3). If more than 5 % by mass of oversize material was
removed from the sample/specimen, calculate the corrected
optimum water content and maximum dry unit weight of the
total material using Practice D 4718. This correction may be
made to the appropriate field in-place density test specimen
rather than to the laboratory compaction results.

11.3.1 In these plots, the scale sensitivities should remain
the same, that is the change in molding water content or dry
unit weight per division is constant between plots. Typically,
the change in dry unit weight per division is twice that of
molding water content’s (2 lbf/ft3 to 1 % w per major division).
Therefore, any change in the shape of the compaction curve is

a result of testing different material, not the plotting scale.
However, a one to one ratio should be used for soils that have
a relatively flat compaction curve (see 10.2.1), such as highly
plastic soils or relatively free draining ones up to the point of
bleeding.

11.3.1.1 The shape of the compaction curve on the wet side
on optimum should typically follow that of the saturation
curve. The shape of the compaction curve on the dry side of
optimum may be relatively flat or up and down when testing
some soils, such as relatively free draining ones or plastic soils
prepared using the moist procedure and having molding water
contents close to or less than the shrinkage limit.

11.3.2 Plot the 100 % saturation curve, based on either an
estimated or a measured specific gravity. Values of water
content for the condition of 100 % saturation can be calculated
as explained in 11.4 (see example, Fig. 5).

NOTE 10—The 100 % saturation curve is an aid in drawing the
compaction curve. For soils containing more than about 10 % fines and
molding water contents well above optimum, the two curves generally
become roughly parallel with the wet side of the compaction curve
between 92 to 95 % saturation. Theoretically, the compaction curve cannot
plot to the right of the 100 % saturation curve. If it does, there is an error
in specific gravity, in measurements, in calculations, in testing, or in
plotting. The 100 % saturation curve is sometimes referred to as the zero
air voids curve or the complete saturation curve.

11.4 Saturation Points—To calculate points for plotting the
100 % saturation curve or zero air voids curve, select values of
dry unit weight, calculate corresponding values of water
content corresponding to the condition of 100 % saturation as
follows:

wsat 5
~gw!~Gs! – gd

~gd!~Gs!
3 100 (8)

where:
wsat = water content for complete saturation, nearest

0.1 %,
gw = unit weight of water, 62.32 lbf/ft3 (9.789 kN/m3) at

20°C,
gd = dry unit weight of soil, lbf/ft3 (kN/m3), three signifi-

cant digits, and
Gs = specific gravity of soil (estimated or measured), to

nearest 0.01 value, see 11.4.1.
11.4.1 Specific gravity may be estimated for the test fraction

based on test data from other soils having the same soil
classification and source or experience. Otherwise, a specific
gravity test (Test Method C 127, Test Method D 854, or both)
is necessary.

12. Report: Data Sheet(s)/Form(s)

12.1 The methodology used to specify how data are re-
corded on the test data sheet(s)/form(s), as described below, is
covered in 1.6.

12.2 The data sheet(s)/form(s) shall contain as a minimum
the following information:

12.2.1 Method used (A, B, or C).
12.2.2 Preparation method used (moist or dry).
12.2.3 As received water content if determined, nearest 1 %.
12.2.4 Standard optimum water content, Std-wopt to nearest

0.1 %.

FIG. 5 Example Compaction Curve Plotting
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12.2.5 Standard maximum dry unit weight, Std-gd,max near-
est 0.1 lbf/ft3 or 0.02 kN/m3.

12.2.6 Type of rammer (manual or mechanical).
12.2.7 Soil sieve data when applicable for selection of

Method (A, B, or C) used.
12.2.8 Description of sample used in test (as a minimum,

color and group name and symbol), by Practice D 2488, or
classification by Practice D 2487.

12.2.9 Specific gravity and method of determination, near-
est 0.01 value.

12.2.10 Identification of sample used in test; for example,
project number/name, location, depth, and the like.

12.2.11 Compaction curve plot showing compaction points
used to establish compaction curve, and 100 % saturation
curve, value or point of maximum dry unit weight and
optimum water content.

12.2.12 Percentages for the fractions retained (PC) and
passing (PF) the sieve used in Method A, B, or C, nearest 1 %.
In addition, if compaction data (Std-wopt and Std-gd,max) are
corrected for the oversize fraction, include that data.

13. Precision and Bias

13.1 Precision—Criteria for judging the acceptability of test
results obtained by these test methods on a range of soil types
are given in Tables 3 and 4. These estimates of precision are
based on the results of the interlaboratory program conducted
by the ASTM Reference Soils and Testing Program.4 In this

program, Method A and the Dry Preparation Method were
used. In addition, some laboratories performed three replicate
tests per soil type (triplicate test laboratory), while other
laboratories performed a single test per soil type (single test
laboratory). A description of the soils tested is given in 13.1.4.
The precision estimates vary with soil type, and may vary with
methods used (Method A, B, or C, or wet/dry preparation
method). Judgement is required when applying these estimates
to another soil, method, or preparation method.

13.1.1 The data in Table 3 are based on three replicate tests
performed by each triplicate test laboratory on each soil type.
The single operator and multilaboratory standard deviation
show in Table 3, Column 4 were obtained in accordance with
Practice E 691, which recommends each testing laboratory
perform a minimum of three replicate tests. Results of two
properly conducted tests performed by the same operator on
the same material, using the same equipment, and in the
shortest practical period of time should not differ by more than
the single-operator d2s shown in Table 3, Column 5. For
definition of d2s, see footnote D in Table 1. Results of two
properly conducted tests performed by different operators and
on different days should not differ by more than the multilabo-
ratory d2s limits shown in Table 3, Column 5.

13.1.2 In the ASTM Reference Soils and Testing Program,
many of the laboratories performed only a single test on each
soil type. This is common practice in the design and construc-
tion industry. The data for each soil type in Table 4 are based
upon the first test result from the triplicate test laboratories and
the single test results from the other laboratories. Results of
two properly conducted tests performed by two different
laboratories with different operators using different equipment
and on different days should not vary by more than the d2s
limits shown in Table 4, Column 5. The results in Tables 3 and
4 are dissimilar because the data sets are different.

13.1.3 Table 3 presents a rigorous interpretation of triplicate
test data in accordance with Practice E 691 from pre-qualified
laboratories. Table 4 is derived from test data that represents
common practice.

13.1.4 Soil Types—Based on the multilaboratory test results
the soils used in the program are described below in accor-
dance with Practice D 2487. In addition, the local names of the
soils are given.

CH Fat clay, CH, 99 % fines, LL=60, PI=39, grayish brown, soil had been
air dried and pulverized. Local name—Vicksburg Buckshot Clay

CL Lean clay, CL, 89 % fines, LL=33, PI=13, gray, soil had been air dried
and pulverized. Local name—Annapolis Clay

4 Research Report RR:D18–1008 contains the data and statistical analysis used to
establish these precision statements and it is available from ASTM Headquarters.

TABLE 3 Summary of Test Results from Triplicate Test
Laboratories (Standard Effort Compaction)

(1) (2) (3) (4) (5)
Number of

Triplicate Test
Labs

Test ValueA

(Units) Average ValueB
Standard

DeviationC

Acceptable
Range of Two

ResultsD,E

Soil Type:

CH CL ML CH CL ML CH CL ML CH CL ML

Single-Operator Results (Within-Laboratory Repeatability):

11 12 11 gd,max (pcf) 97.2 109.2 106.3 0.5 0.4 0.5 1.3 1.2 1.3

11 12 11 wopt (%) 22.8 16.6 17.1 0.2 0.3 0.3 0.7 0.9 0.9

Multilaboratory Results (Between-Laboratory Reproducibility):

11 12 11 gd, max (pcf) 97.2 109.2 106.3 1.4 0.8 0.6 3.9 2.3 1.6

11 12 11 wopt (%) 22.8 16.6 17.1 0.7 0.5 0.5 1.8 1.5 1.3
A gd,max (pcf) = standard maximum dry unit weight in lbf/ft3 and wopt (%) =

standard optimum water in percent.
B The number of significant digits and decimal places presented are represen-

tative of the input data. In accordance with Practice D 6026, the standard deviation
and acceptable range of results can not have more decimal places than the input
data.

C Standard deviation is calculated in accordance with Practice E 691 and is
referred to as the 1 s limit.

D Acceptable range of two results is referred to as the d2s limit. It is calculated
as 1.960 =2 · 1s, as defined by Practice E 177. The difference between two
properly conducted tests should not exceed this limit. The number of significant
digits/decimal places presented is equal to that prescribed by this standard or
Practice D 6026. In addition, the value presented can have the same number of
decimal places as the standard deviation, even if that result has more significant
digits than the standard deviation.

E Both values of gd,max and wopt have to fall within values given for the selected
soil type.

TABLE 4 Summary of Single Test Results from Each
Laboratories (Standard Effort Compaction)A

(1) (2) (3) (4) (5)
Number of

Test
Laboratories

Test Value
(Units) Average Value

Standard
Deviation

Acceptable
Range of Two

Results

Soil Type:

CH CL ML CH CL ML CH CL ML CH CL ML

Multilaboratory Results (Between-Laboratory Reproducibility):

26 26 25 gd,max (pcf) 97.3 109.2 106.2 1.6 1.1 1.0 4.5 3.0 2.9

wopt (%) 22.6 16.4 16.7 0.9 0.7 1.0 2.4 1.8 2.9
A See footnotes in Table 3.
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ML Silt, ML, 99 % fines, LL=27, PI=4, light brown, soil had been air dried
and pulverized. Local name—Vicksburg Silt

13.2 Bias—There is no accepted reference values for this
test method, therefore, bias cannot be determined.

14. Keywords

14.1 compaction characteristics; density; impact compac-
tion; laboratory tests; moisture-density curves; proctor test;
soil; soil compaction; standard effort

ANNEX

(Mandatory Information)

A1. VOLUME OF COMPACTION MOLD

A1.1 Scope

A1.1.1 This annex describes the procedure for determining
the volume of a compaction mold.

A1.1.2 The volume is determined by two methods, a water-
filled and linear-measurement method.

A1.1.3 The water filling method for the 4-in. (106.5-mm)
mold, when using a balance readable to nearest g, does not
yield four significant figures for its volume, just three. Based
on Practice D 6026, this limits the density/unit weight deter-
minations previously presented from four to three significant
figures. To prevent this limitation, the water filling method has
been adjusted from that presented in early versions of this test
method.

A1.2 Apparatus

A1.2.1 In addition to the apparatus listed in Section 6 the
following items are required:

A1.2.1.1 Vernier or Dial Caliper, having a measuring range
of at least 0 to 6 in. (0 to 150 mm) and readable to at least 0.001
in. (0.02 mm).

A1.2.1.2 Inside Micrometer (optional), having a measuring
range of at least 2 to 12 in. (50 to 300 mm) and readable to at
least 0.001 in. (0.02 mm).

A1.2.1.3 Depth Micrometer (optional), having a measuring
range of at least 0 to 6 in. (0 to 150 mm) and readable to at least
0.001 in. (0.02 mm).

A1.2.1.4 Plastic or Glass Plates—Two plastic or glass
plates about 8 in. square by 1⁄4 in. thick (200 by 200 by 6 mm).

A1.2.1.5 Thermometer or Other Thermometric Device, hav-
ing graduation increments of 0.1°C.

A1.2.1.6 Stopcock Grease, or similar sealant.
A1.2.1.7 Miscellaneous Equipment—Bulb syringe, towels,

etc.

A1.3 Precautions

A1.3.1 Perform this method in an area isolated from drafts
or extreme temperature fluctuations.

A1.4 Procedure

A1.4.1 Water-Filling Method:
A1.4.1.1 Lightly grease the bottom of the compaction mold

and place it on one of the plastic or glass plates. Lightly grease
the top of the mold. Be careful not to get grease on the inside
of the mold. If it is necessary to use the base plate, as noted in
10.4.7, place the greased mold onto the base plate and secure
with the locking studs.

A1.4.1.2 Determine the mass of the greased mold and both
plastic or glass plates to the nearest 1 g and record, Mmp. When
the base plate is being used in lieu of the bottom plastic or glass
plate, determine the mass of the mold, base plate and a single
plastic or glass plate to be used on top of the mold to the
nearest 1 g and record.

A1.4.1.3 Place the mold and the bottom plastic or glass
plate on a firm, level surface and fill the mold with water to
slightly above its rim.

A1.4.1.4 Slide the second plate over the top surface of the
mold so that the mold remains completely filled with water and
air bubbles are not entrapped. Add or remove water as
necessary with a bulb syringe.

A1.4.1.5 Completely dry any excess water from the outside
of the mold and plates.

A1.4.1.6 Determine the mass of the mold, plates and water
and record to the nearest 1 g, Mmp,w.

A1.4.1.7 Determine the temperature of the water in the
mold to the nearest 0.1°C and record. Determine and record the
density of water from the table given in Test Method D 854 or
as follows:

rw,c 5 1.00034038 – ~7.77 3 1026
! 3 T – ~4.95 3 1026

! 3 T2

(A1.1)

where:
rw,c = density of water, nearest 0.00001 g/cm3, and
T = calibration test temperature, nearest 0.1°C.

A1.4.1.8 Calculate the mass of water in the mold by
subtracting the mass determined in A1.4.1.2 from the mass
determined in A1.4.1.6.

A1.4.1.9 Calculate the volume of water by dividing the
mass of water by the density of water. Record this volume to
the nearest 0.1 cm3 for the 4-in. (101.6-mm) mold or nearest 1
cm3 for the 6-in. (152.4-mm) mold. To determine the volume
of the mold in m3, multiply the volume in cm3 by 1 3 10-6.
Record this volume, as prescribed.

A1.4.1.10 If the filling method is being used to determine
the mold’s volume and checked by linear measurement
method, repeat this volume determination (A1.4.1.3-A1.4.1.9)
and determine and record the average value, Vw as prescribed.

A1.4.2 Linear Measurement Method:
A1.4.2.1 Using either the vernier caliper or the inside

micrometer (preferable), measure the inside diameter (ID) of
the mold 6 times at the top of the mold and 6 times at the
bottom of the mold, spacing each of the six top and bottom
measurements equally around the ID of the mold. Record the
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values to the nearest 0.001-in. (0.02-mm). Determine and
record the average ID to the nearest 0.001-in. (0.02-mm), davg.
Verify that this ID is within specified tolerances, 4.000 6 0.016
in. (101.6 6 0.4 mm), if not discard the mold.

A1.4.2.2 Using the vernier caliper or depth micrometer
(preferably), measure the inside height of the mold attached to
the base plate. In these measurements, make three or more
measurements equally spaced around the ID of the mold, and
preferably one in the center of the mold, but not required (used
the straightedge to facilitate the later measurement and correct
measurement for thickness of straightedge). Record these
values to the nearest 0.001-in. (0.02-mm). Determine and
record the average of these height measurements to the nearest
0.001 in. (0.02 mm), havg. Verify that this height is within
specified tolerances, 4.584 6 0.018 in. (116.4 6 0.5 mm), if
not discard the mold.

A1.4.2.3 Calculate the volume of the mold to four signifi-
cant digits in cm3 as follows:

Vlm 5 K3

p 3 havg 3 ~davg!
2

4 (A1.2)

where:
Vlm = volume of mold by linear measurements, to four

significant digits, cm3,
K3 = constant to convert measurements made in inch (in.)

or mm,
Use 16.387 for measurements in inches.
Use 10-6 for measurements in mm.

p = 3.14159,
havg = average height, in. (mm), and
davg = average of the top and bottom diameters, in. (mm).

A1.4.2.4 If the volume in m3 is required, then multiply the
above value by 10-6.

A1.5 Comparison of Results and Standardized Volume of
Mold

A1.5.1 The volume obtained by either method should be
within the volume tolerance requirements of 6.1.1 and 6.1.2,
using either or cm3 to ft3. To convert cm3 to ft3, divide cm3 by
28 317, record to the nearest 0.0001 ft3.

A1.5.2 The difference between the two methods should not
exceed 0.5 % of the nominal volume of the mold, cm3 to ft3.

A1.5.3 Repeat the determination of volume, which is most
suspect or both if these criteria are not met.

A1.5.4 Failure to obtain satisfactory agreement, between
these methods, even after several trials is an indication the
mold is badly deformed and should be replaced.

A1.5.5 Use the volume of the mold determined using the
water-filling or linear method, or average of both methods as
the standardized volume for calculating the moist density (see
11.4). This value (V) in cm3 or m3 shall have four significant
digits. The use of a volume in ft3, along with masses in lbm
shall not be regarded as a nonconformance with this standard.
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SUMMARY OF CHANGES

In accordance with Committee D18 policy, this section identifies the location of changes to this standard since
the last published edition (2000ae1) that may impact the use of this standard.

(1) Changed Notes 2 and 3 to text. Also, added in 1.2 that
compacted soil cannot be reused, since it is such an important
issue.
(2) The amount of allowable oversize fraction increased to at
least 25 % for Methods A and B.
(3) In 1.3, simplified the description of the gradation control-
ling the selection of the method.
(4) Updated the section on units.
(5) Added reference to Test Methods D 6913 for gradation and
sample/specimen processing.
(6) In Terminology, relocated some terms to definitions and
made editorial changes.
(7) In apparatus for ovens, added the guidance that they should

be vented outside the building. In mixing tools, added a sprayer
and made the mixer optional. The sector face has to be used for
the 6-in. mold and the area of its face the same as the circular
one. The requirement for balances was changed to conform to
the latest version of Test Methods D 2216 used to determine
water content.
(8) More guidance is provided in following areas: (a) why one
shall not reuse compacted soil; (b) plotting compaction curve;
(c) using molding water content to check the one taken after
compaction and to determine magnitude of bleeding; (d) proper
pattern of rammer during compaction and what to do when the
rammer causes to soil to flow up the sides; (e) removing the
collar and mold from base plate; (f) trimming subspecimens
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containing gravel; and (g) calculating the percentages for
oversize and test fractions.
(9) Section 10.4.9 was reworded to permit alternative methods
for obtaining water content samples from compacted speci-
mens and to clarify the requirements of Test Methods D 2216.
(10) Changed the title and revised the Calculations section.
(11) Updated the Report section to agree with D18.91 require-
ments.

(12) Updated the Annex on volume of mold to allow either
water filling or linear method to determine the volume of the
mold , to measure temperature to 0.1°C instead of nearest 1°C,
and to use Test Methods D 854 (or equation) for density of
water.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).
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Designation: D 1883 – 07

Standard Test Method for
CBR (California Bearing Ratio) of Laboratory-Compacted
Soils1

This standard is issued under the fixed designation D 1883; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope*

1.1 This test method covers the determination of the CBR
(California Bearing Ratio) of pavement subgrade, subbase, and
base course materials from laboratory compacted specimens.
The test method is primarily intended for (but not limited to)
evaluating the strength of materials having maximum particle
sizes less than 3⁄4 in. (19 mm).

1.2 When materials having maximum particle sizes greater
than 3⁄4 in. (19 mm) are to be tested, this test method provides
for modifying the gradation of the material so that the material
used for tests all passes the 3⁄4-in. sieve while the total gravel
(+No. 4 to 3 in.) fraction remains the same. While traditionally
this method of specimen preparation has been used to avoid the
error inherent in testing materials containing large particles in
the CBR test apparatus, the modified material may have
significantly different strength properties than the original
material. However, a large experience base has developed
using this test method for materials for which the gradation has
been modified, and satisfactory design methods are in use
based on the results of tests using this procedure.

1.3 Past practice has shown that CBR results for those
materials having substantial percentages of particles retained
on the No. 4 sieve are more variable than for finer materials.
Consequently, more trials may be required for these materials
to establish a reliable CBR.

1.4 This test method provides for the determination of the
CBR of a material at optimum water content or a range of
water content from a specified compaction test and a specified
dry unit weight. The dry unit weight is usually given as a
percentage of maximum dry unit weight determined by Test
Methods D 698 or D 1557.

1.5 The agency requesting the test shall specify the water
content or range of water content and the dry unit weight for
which the CBR is desired.

1.6 Unless specified otherwise by the requesting agency, or
unless it has been shown to have no effect on test results for the
material being tested, all specimens shall be soaked prior to
penetration.

1.7 For the determination of CBR of field compacted
materials, see Test Method D 4429.

1.8 The values stated in inch-pound units are to be regarded
as the standard. The SI equivalents shown in parentheses may
be approximate.

1.9 All observed and calculated values shall conform to the
guidelines for significant digits and rounding established in
Practice D 6026.

1.9.1 The procedures used to specify how data are collected,
recorded or calculated in this standard are regarded as the
industry standard. In addition they are representative of the
significant digits that generally should be retained. The proce-
dures used do not consider material variation, purpose for
obtaining the data, special purpose studies, or any consider-
ations for the user’s objectives, and it is common practice to
increase or reduce significant digits or reported data to be
commensurate with these considerations. It is beyond the scope
of this standard to consider significant digits used in analytical
methods for engineering design.

1.10 This standard does not purport to address all of the
safety problems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.05 on Strength and
Compressibility of Soils.

Current edition approved Nov. 15, 2007. Published December 2007. Originally
approved in 1961. Last previous edition approved in 2005 as D 1883 – 05.

1

*A Summary of Changes section appears at the end of this standard.
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2. Referenced Documents

2.1 ASTM Standards: 2

D 422 Test Method for Particle-Size Analysis of Soils
D 653 Terminology Relating to Soil, Rock, and Contained

Fluids
D 698 Test Methods for Laboratory Compaction Character-

istics of Soil Using Standard Effort (12 400 ft-lbf/ft3(600
kN-m/m3))

D 1557 Test Methods for Laboratory Compaction Charac-
teristics of Soil Using Modified Effort (56,000 ft-lbf/
ft3(2,700 kN-m/m3))

D 2168 Test Methods for Calibration of Laboratory
Mechanical-Rammer Soil Compactors

D 2216 Test Methods for Laboratory Determination of Wa-
ter (Moisture) Content of Soil and Rock by Mass

D 2487 Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System)

D 2488 Practice for Description and Identification of Soils
(Visual-Manual Procedure)

D 3740 Practice for Minimum Requirements for Agencies
Engaged in the Testing and/or Inspection of Soil and Rock
as Used in Engineering Design and Construction

D 4318 Test Methods for Liquid Limit, Plastic Limit, and
Plasticity Index of Soils

D 4429 Test Method for CBR (California Bearing Ratio) of
Soils in Place

D 4753 Guide for Evaluating, Selecting, and Specifying
Balances and Standard Masses for Use in Soil, Rock, and
Construction Materials Testing

D 6026 Practice for Using Significant Digits in Geotechni-
cal Data

E 11 Specification for Wire Cloth and Sieves for Testing
Purposes

3. Terminology

3.1 Definitions: All definitions are in accordance with Ter-
minology D 653.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 water content of the compaction specimen, wi—water

content in percent of material used to compact the test
specimen.

3.2.2 water content top 1 in. (25.4-mm) after soaking
ws—water content in percent of upper 1 in. (25.4 mm) of
material removed after soaking and penetration.

3.2.3 water content after testing, wf—water content in
percent of material after soaking and final penetration; does not
include material described in 3.2.2.

3.2.4 dry density as compacted and before soaking, rdi—dry
density of the as-compacted test specimen using the measured
wet mass and calculating the dry mass using the water content
defined in 3.2.1.

4. Summary of Test Method

4.1 The California Bearing Ratio (CBR) test is a load test
applied to the surface and used in soil investigations as an aid
to the design of pavements. The laboratory test uses a circular
piston to penetrate material compacted in a mold at a constant
rate of penetration. The CBR is expressed as the ratio of the
unit load on the piston required to penetrate 0.1 in. (2.5 mm)
and 0.2 in (5 mm) of the test soil to the unit load required to
penetrate a standard material of well-graded crusted stone.

4.2 This test method is used to determine the CBR of a
material compacted in a specified mold. It is incumbent on the
requesting agencies to specify the scope of testing to satisfy
agency protocol or specific design requirements. Possible
scope of testing includes:

4.2.1 CBR penetration tests are performed on each point of
a compaction test performed in accordance with Method C of
D 698 or D 1557. The CBR mold with the spacer disk specified
in this standard has the same internal dimensions as a 6-in.
(150-mm) diameter compaction mold.

4.2.2 Another alternative is for CBR test to be performed on
material compacted to a specific water content and density.
Alternatively, a water content range may be stated for one or
more density values. This will often require a series of
specimens prepared using two or three compactive efforts for
the specified water content or over the range of water contents
requested. The compactive efforts are achieved by following
procedures of D 698 or D 1557 but varying the blows per layer
to produce densities above and below the desired density.

5. Significance and Use

5.1 This test method is used to evaluate the potential
strength of subgrade, subbase, and base course material,
including recycled materials for use in road and airfield
pavements. The CBR value obtained in this test forms an
integral part of several flexible pavement design methods.

5.2 For applications where the effect of compaction water
content on CBR is small, such as cohesionless, coarse-grained
materials, or where an allowance is made for the effect of
differing compaction water contents in the design procedure,
the CBR may be determined at the optimum water content of
a specified compaction effort. The dry unit weight specified is
normally the minimum percent compaction allowed by the
using agency’s field compaction specification.

5.3 For applications where the effect of compaction water
content on CBR is unknown or where it is desired to account
for its effect, the CBR is determined for a range of water
contents, usually the range of water content permitted for field
compaction by using agency’s field compaction specification.

5.4 The criteria for test specimen preparation of self ce-
menting (and other) materials which gain strength with time
must be based on a geotechnical engineering evaluation. As
directed by the engineer, self-cementing materials shall be
properly cured until bearing ratios representing long term
service conditions can be measured.

NOTE 1—The agency performing this test can be evaluated in accor-
dance with Practice D 3740. Notwithstanding the statements on precision
and bias contained in this test method, the precision of this test method is
dependent on the competence of the personnel performing it, and the

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D 3740 are generally considered capable of competent
and objective testing. Users of this test method are cautioned that
compliance with Practice D 3740 does not in itself ensure reliable testing.
Reliable testing depends on many factors; Practice D 3740 provides a
means of evaluating some of those factors.

6. Apparatus

6.1 Loading Machine—The loading machine shall be
equipped with a movable head or base that travels at a uniform
(not pulsating) rate of 0.05 in. (1.27 mm)/min for use in forcing
the penetration piston into the specimen. The load rate of 0.05
in. (1.27 mm)/min shall be maintained within 620% over the
range of loads developed during penetration. The minimum
capacity of the loading machine shall be based on the require-
ments indicated in Table 1.

6.1.1 The machine shall be equipped with a load-indicating
device matched to the anticipated maximum penetration load:
10 lbf (44 N) or less for a 10-kip (44.5-kN) capacity; 5 lbf (22
N) for 5-kip (22.3-kN) and 2 lbf (8.9 N) for 2.5-kip (11.2-kN).

6.1.2 Penetration measuring device (such as a mechanical
dial indicator or electronic displacement transducer) that can be
read to the nearest 0.001 in. (0.025 mm) and associated
mounting hardware. A mounting assembly that connects the
deformation measuring device to the penetrating piston and the
edge of the mold will give accurate penetration measurements.
However, mounting the deformation holder assembly to a
stressed component of the load frame (such as tie rods) will
introduce inaccuracies of penetration measurements.

6.2 Mold—The mold shall be a rigid metal cylinder with an
inside diameter of 6 6 0.026 in. (152.4 6 0.66 mm) and a
height of 7 6 0.018 in. (177.8 6 0.46 mm). It shall be provided
with a metal extension collar at least 2.0 in. (50.8 mm) in
height and a metal base plate having at least twenty eight
1⁄16-in. (1.59-mm) diameter holes uniformly spaced over the
plate within the inside circumference of the mold. When
assembled with spacer disc in place in the bottom of the mold,
the mold shall have an internal volume (excluding extension
collar) of 0.075 6 0.0009 ft (2124 6 25 cm). Fig. 1 shows a
satisfactory mold design. A calibration procedure should be
used to confirm the actual volume of the mold with the spacer
disk inserted. Suitable calibration procedures are contained in
Test Methods D 698 and D 1557.

6.3 Spacer Disk—A circular metal spacer disc (see Fig. 1)
having a minimum outside diameter of 515⁄16 in. (150.8 mm)
but no greater than will allow the spacer disc to easily slip into
the mold. The spacer disc shall be 2.416 6 0.005 in. (61.37 6

0.127 mm) in height.
6.4 Rammer—A rammer as specified in either Test Methods

D 698 or D 1557 except that if a mechanical rammer is used it
must be equipped with a circular foot, and when so equipped,
must provide a means for distributing the rammer blows

uniformly over the surface of the soil when compacting in a
6-in. (152.4-mm) diameter mold. The mechanical rammer must
be calibrated and adjusted in accordance with Test Methods
D 2168.

6.5 Expansion-Measuring Apparatus— An adjustable metal
stem and perforated metal plate, similar in configuration to that
shown in Fig. 1. The perforated plate shall be 57⁄8 to 515⁄16 in.
(149.23 to 150.81 mm) in diameter and have at least forty-two
1⁄16-in. (1.59-mm) diameter holes uniformly spaced over the
plate. A metal tripod to support the dial gauge for measuring
the amount of swell during soaking is also required. The
expansion measuring apparatus shall not weigh more than 2.8
lbf (1.27 kg).

6.6 Weights—One or two annular metal weights having a
total mass of 4.54 6 0.02 kg and slotted metal weights each
having masses of 2.27 6 0.02 kg. The annular weight shall be
57⁄8 to 515⁄16 in. (149.23 to 150.81 mm) in diameter and shall
have a center hole of approximately 21⁄8 in. (53.98 mm).

6.7 Penetration Piston—A metal piston 1.954 6 0.005 in.
(49.63 6 0.13 mm) in diameter and not less than 4 in. (101.6
mm) long (see Fig. 1). If, from an operational standpoint, it is
advantageous to use a piston of greater length, the longer
piston may be used.

6.8 Swell Measurement Device—Generally mechanical dial
indicators capable of reading to 0.001 in. (0.025 mm) with a
range of 0.200-in. (5-mm) minimum.

6.9 Balance—A class GP5 balance meeting the require-
ments of Specifications D 4753 for a balance of 1-g readability.

6.10 Drying Oven—Thermostatically controlled, preferably
of a forced-draft type and capable of maintaining a uniform
temperature of 230 6 9°F (110 6 5°̊C) throughout the drying
chamber.

6.11 Sieves—3/4 in. (19 mm) and No. 4 (4.75 mm), con-
forming to the requirements of Specification E 11.

6.12 Filter Paper—Fast filtering, high wet strength filter
paper, 15-cm diameter.

6.13 Straightedge—A stiff metal straightedge of any conve-
nient length but not less than 10 in. (254 mm). The total length
of the straightedge shall be machined straight to a tolerance of
60.005 in. (60.1 mm). The scraping edge shall be beveled if
it is thicker than 1/8 in. (3 mm).

6.14 Soaking Tank or Pan—A tank or pan of sufficient depth
and breath to allow free water around and over the assembled
mold. The tank or pan should have a bottom grating that allows
free access of water to the perforations in the mold’s base.

6.15 Mixing Tools—Miscellaneous tools such as mixing
pan, spoon, trowel, spatula, etc., or a suitable mechanical
device for thoroughly mixing the sample of soil with water.

7. Sample

7.1 The specimen(s) for compaction shall be prepared in
accordance with the procedures given in Method C of Test
Methods D 698 or D 1557 for compaction in a 6-in. (152.4-
mm) mold except as follows:

7.1.1 If all material passes a 3⁄4-in. (19-mm) sieve, the entire
gradation shall be used for preparing specimens for compaction
without modification. If material is retained on the 3⁄4-in.
(19-mm) sieve, the material retained on the 3⁄4-in. (19-mm)
sieve shall be removed and replaced by an equal mass of

TABLE 1 Minimum Load Capacity

Maximum Measurable CBR Minimum Load Capacity
(lbf) (kN)

20 2500 11.2
50 5000 22.3

>50 10 000 44.5
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material passing the 3⁄4-in. (19-mm) sieve and retained on the
No. 4 sieve obtained by separation from portions of the sample
not used for testing.

8. Test Specimens

8.1 Bearing Ratio at Optimum Water Content Only—Using
material prepared as described in 7.1, conduct a control
compaction test with a sufficient number of test specimens to
establish the optimum water content for the soil using the
compaction method specified, either Test Methods D 698 or
D 1557. A previously performed compaction test on the same
material may be substituted for the compaction test just
described, provided that if the sample contains material re-
tained on the 3⁄4-in. (19-mm) sieve, soil prepared as described
in 7.1 is used (Note 2).

NOTE 2—Maximum dry unit weight obtained from a compaction test
performed in a 4-in. (101.6-mm) diameter mold may be slightly greater
than the maximum dry unit weight obtained from compaction in the 6-in.
(152.4-mm) compaction mold or CBR mold.

8.1.1 For cases where the CBR is desired at 100 % maxi-
mum dry unit weight and optimum water content, compact a
specimen using the specified compaction procedure, either Test
Methods D 698 or D 1557, from soil prepared to within 60.5
percentage point of optimum water content determined in
accordance with Test Method D 2216.

NOTE 3—Where the maximum dry unit weight was determined from
compaction in the 4-in. (101.6-mm) mold, it may be necessary to compact
specimens as described in 8.1.2, using 75 blows per layer or some other

value sufficient to produce a specimen having a density equal to or greater
than that required.

8.1.2 Where the CBR is desired at optimum water content
and some percentage of maximum dry unit weight, compact
three specimens from soil prepared to within 60.5 percentage
point of optimum water content and using the specified
compaction but using a different number of blows per layer for
each specimen. The number of blows per layer shall be varied
as necessary to prepare specimens having unit weights above
and below the desired value. Typically, if the CBR for soil at
95 % of maximum dry unit weight is desired, specimens
compacted using 56, 25, and 10 blows per layer is satisfactory.
Penetration shall be performed on each of these specimens.

8.2 Bearing Ratio for a Range of Water Contents—Prepare
specimens in a manner similar to that described in 8.1 except
that each specimen used to develop the compaction curve shall
be penetrated. In addition, the complete water content-unit
weight relationship for the 25-blow and 10-blow per layer
compactions shall be developed and each test specimen com-
pacted shall be penetrated. Perform all compaction in the CBR
mold. In cases where the specified unit weight is at or near
100 % maximum dry unit weight, it will be necessary to
include a compactive effort greater than 56-blows per layer
(Note 3).

NOTE 4—A semilog log plot of dry unit weight versus compactive effort
usually gives a straight line relationship when compactive effort in ft-lb/ft3

is plotted on the log scale. This type of plot is useful in establishing the

TABLE 2 Metric Equivalents

Inch-Pound
Units, in.

Metric
Equivalent,

mm

Inch-Pound
Units, in.

Metric
Equivalent,

mm

Inch-Pound
Units, in.

Metric
Equivalent,

mm

0.003 0.076 19⁄32 15.08 31⁄2 88.90
0.005 0.127 5⁄8 15.88 33⁄4 95.25
0.135 3.43 3⁄4 19.10 41⁄4 108.0
0.201 5.11 15⁄16 23.81 41⁄2 114.3
0.4375 11.11 1 25.40 43⁄4 120.7
0.4378 11.12 11⁄8 28.58 57⁄8 149.2
0.510 12.95 11⁄4 31.8 515⁄16 150.8
0.633 16.08 13⁄8 34.9 6 152.0
1.370 34.60 11⁄2 38.10 67⁄32 158.0
1.375 34.93 13⁄4 44.5 61⁄2 165.1
1.954 49.63 113⁄16 46.04 7 177.8
2.416 61.37 115⁄16 49.21 71⁄2 190.1
1⁄16 1.59 2 50.80 83⁄8 212.7
7⁄32 5.56 21⁄8 53.98 81⁄2 215.9
1⁄4 6.35 21⁄5 55.9 93⁄8 238.1
3⁄8 9.53 21⁄4 57.2 141⁄4 362.0
7⁄16 11.11 21⁄2 63.50 18 457.2
15⁄32 11.91 23⁄4 69.85 321⁄4 719.2
1⁄2 12.70 231⁄32 75.41 365⁄8 930.3
17⁄32 13.49 3 76.20 39 990.6

Inch-Pound
Units, lb

Metric
Equivalent, kg

Inch-Pound
Units, psi

Metric
Equivalent, MPa

0.04 0.02 200 1.4
0.05 0.02 400 2.8
0.12 0.05 600 4.1
0.59 0.27 800 5.5
0.71 0.32 1000 6.9
0.75 0.34 1200 8.3
3.20 1.45 1400 9.7
5.00

10.00
2.27
4.54
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compactive effort and number of blows per layer needed to bracket the
specified dry unit weight and water content range.

8.2.1 If the CBR test specimen is to be soaked, take a
representative sample of the material for the determination of
water content in accordance with Test Method D 2216. If the
compaction process is conducted under reasonable controlled
temperatures (65 to 75 F (18 to 24 C) and the processed soil
is kept sealed during the compaction process, only one repre-
sentative water content sample is required. However if the
compaction process is being conducted in an uncontrolled
environment take two water content samples one at the
beginning of compaction and another sample of the remaining
material after compaction. Use Test Method D 2216 to deter-
mine the water contents and average the two values for
reporting. The two samples should not differ more than 1.5
percentage points to assume reasonable uniformity of the
compacted specimen’s water content.

8.2.2 If the sample is not to be soaked, take a water content
sample in accordance with Test Methods D 698 or D 1557 if
the average water content is desired.

8.2.3 Clamp the mold (with extension collar attached) to the
base plate with the hole for the extraction handle facing down.
Insert the spacer disk over the base plate and place a disk of
filter paper on top of the spacer disk. Compact the soil-water
mixture into the mold in accordance with 8.1, 8.1.1, or 8.1.2.

8.2.4 Remove the extension collar and carefully trim the
compacted soil even with the top of the mold by means of a
straightedge. Patch with smaller size material any holes that
may have developed in the surface by the removal of coarse
material. Remove the perforated base plate and spacer disk,
weigh, and record the mass of the mold plus compacted soil.
Place a disk of coarse filter paper on the perforated base plate,
invert the mold and compacted soil, and clamp the perforated
base plate to the mold with compacted soil in contact with the
filter paper.

8.2.5 Place the surcharge weights on the perforated plate
and adjustable stem assembly and carefully lower onto the
compacted soil specimen in the mold. Apply a surcharge equal
to the weight of the base material and pavement within 5 lbf
(2.27 kg), but in no case shall the total weight used be less than
10 lbf (4.54 kg). If no pavement weight is specified, use 10 lbf
(4.54 kg) The mass of the Expansion Measuring Apparatus is
ignored unless its mass is more than 2.8 lbf (1.27 kg). Immerse
the mold and weights in water allowing free access of water to
the top and bottom of the specimen. Take initial measurements
for swell and allow the specimen to soak for 96 h. Maintain a
constant water level during this period. A shorter immersion
period is permissible for fine grained soils or granular soils that
take up moisture readily, if tests show that the shorter period
does not affect the results. At the end of 96 h, take final swell

NOTE 1—See Table 2 for metric equivalents.
FIG. 1 Bearing Ratio Test Apparatus
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measurements and calculate the swell as a percentage of the
initial height of the specimen.

8.2.6 Remove the free water and allow the specimen to
drain downward for 15 min. Take care not to disturb the surface
of the specimen during the removal of the water. It may be
necessary to tilt the specimen in order to remove the surface
water. Remove the weights, perforated plate, and filter paper,
and determine and record the mass. The user may find it
convenient to set the mold’s base on the rim of a shallow pan
to provide the tilt and carefully using a bulb syringe and
adsorbent towels to remove free water.

9. Procedure for Bearing Test

9.1 Place a surcharge of weights on the specimen sufficient
to produce an intensity of the loading specified; if no pavement
weight is specified, use 10-lbf (4.54 kg) mass. If the specimen
has been soaked previously, the surcharge shall be equal to that
used during the soaking period. To prevent upheaval of soil
into the hole of the surcharge weights, place the 5-lbf (2.27-kg)
annular weight on the soil surface prior to seating the penetra-
tion piston, after which place the remainder of the surcharge
weights.

9.2 Seat the penetration piston with the smallest possible
load, but in no case in excess of 10 lbf (44 N). Either set both
the load and penetration gauges to zero or make provisions to
substract any initial values from all subsequently collected
data. This initial load is required to ensure satisfactory seating
of the piston and shall be considered as the zero load when

determining the load penetration relation. Attach the penetrat-
ing measuring device in accordance with 6.1.2.

NOTE 5—At high loads the supports may torque and affect the reading
of the penetration gauge. Checking the depth of piston penetration is one
means of checking for erroneous strain indications.

9.3 Apply the load on the penetration piston so that the rate
of penetration is approximately 0.05 in. (1.27 mm)/min.
Record the load readings at penetrations of 0.025 in. (0.64
mm), 0.050 in. (1.27 mm), 0.075 in. (1.91 mm), 0.100 in. (2.54
mm), 0.125 in. (3.18 mm), 0.150 in. (3.81 mm), 0.175 in. (4.45
mm), 0.200 in. (5.08 mm), 0.300 in. (7.62 mm), 0.400 in.
(10.16 mm) and 0.500 in. (12.70 mm). Note the maximum load
and penetration if it occurs for a penetration of less than 0.500
in. (12.70 mm). With manually operated loading devices, it
may be necessary to take load readings at closer intervals to
control the rate of penetration. Measure the depth of piston
penetration into the soil by putting a ruler into the indentation
and measuring the difference from the top of the soil to the
bottom of the indentation. If the depth does not closely match
the depth of penetration gauge, determine the cause and test a
new sample.

9.4 If the test specimen was previously soaked, remove the
soil from the mold and determine the water content of the top
1-in. (25.4-mm) layer. Take the water content sample in
accordance with Test Methods D 698 or D 1557. Each water
content sample shall weigh not less than 100 g for fine-grained
soils nor less than 500 g for granular soils.

NOTE 6—The load readings at penetrations of over 0.300 in. (7.6 mm)
may be omitted if the testing machine’s capacity has been reached.

10. Calculation

10.1 Load-Penetration Curve—Calculate the penetration
stress in pounds per square inch or megapascals and plot the
stress penetration curve. In some instances, the stresspenetra-
tion curve may be concave upward initially, because of surface
irregularities or other causes, and in such cases the zero point
shall be adjusted as shown in Fig. 2.

NOTE 1—See Table 2 for metric equivalents.
FIG. 2 Correction of Load-Penetration Curves

FIG. 3 Dry Density Versus CBR
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NOTE 7—Fig. 2 should be used as an example of correction of
load-penetration curves only. It is not meant to imply that the 0.2-in.
penetration is always more than the 0.1-in. penetration.

10.2 Bearing Ratio—Using corrected stress values taken
from the stress penetration curve for 0.100 in. (2.54 mm) and
0.200 in. (5.08 mm) penetrations, calculate the bearing ratios
for each by dividing the corrected stresses by the standard
stresses of 1000 psi (6.9 MPa) and 1500 psi (10.3 MPa)
respectively, and multiplying by 100. Also, calculate the
bearing ratios for the maximum stress, if the penetration is less
than 0.200 in. (5.08 mm) by interpolating the standard stress.
The bearing ratio reported for the soil is normally the one at
0.100 in. (2.54 mm) penetration. When the ratio at 0.200 in.
(5.08 mm) penetration is greater, rerun the test. If the check test
gives a similar result, use the bearing ratio at 0.200 in. (5.08
mm) penetration.

NOTE 8—On occasion the testing agency may be requested to deter-
mine the CBR value for a dry density not represented by the laboratory
compaction curve. For example, the corrected CBR value for the dry
density at 95 % of maximum dry density and at optimum water content
might be requested. A recommended method to achieve this value is to
compact two or three CBR test specimens at the same molded water
content but compact each specimen to different compaction energies to
achieve a density below and above the desired value. The corrected CBR
values are plotted against the dry density and the desired CBR value
interpreted as illustrated in Fig. 3. For consistency the corrected CBR
values should be of identical origin, for example, all either soaked or
un-soaked and all either at 0.1 or 0.2 corrected penetration values.

10.3 Calculate the dry density, rd, of the compacted speci-
men (before soaking) as follows:

rd 5
Msas

Vm

where:

Msac 5
Mm 1 ws – Mm

~1 1 wac!

Msac = dry mass of soil as compacted, Mg/m3 or
g/cm3,

Mm + ws = wet mass of soil as molded plus mold mass,
Mg or g

Mm = mold mass, Mg or g,
wac = water content determination of representative

scraps taken during the compaction process,
and

Vm = volume of mold (area of mold 3 initial
height), a calibrate value, m3 or cm3.

10.3.1 Conversion of dry density units:

gd 5 9.8066 3 rd, kN/m3

or,

gd 5 62.428 3 rd, lbf/ft3

where:
gd = dry unit weight, kN/m3 or lbf/ft3,
9.8066 = conversion factor, Mg/m3 or g/cm3 to kN/m3, and
62.428 = conversion factor, Mg/m3 or g/cm3 to lbf/ft3.

10.4 If the test specimen was soaked, calculate the percent
swell as follows:

s 5 S S
hi
D 3 100

where:
s = swell that occurred during soaking, %,
S = vertical swell determined from the final minus initial

swell measurement, in. (mm)
hi = height of test specimen before swell, in. (mm).

11. Report

11.1 The report shall include, as a minimum, the following:
11.1.1 Method used for preparation and compaction of

specimen: Test Methods D 698 or D 1557, or other, with
description.

11.1.2 Condition of sample (unsoaked or soaked).
11.1.3 Dry density (unit weight) of sample as compacted

(before soaking).
11.1.4 Water content of sample in percent:
11.1.4.1 As compacted.
11.1.4.2 Top 1-in (25.4-mm) layer after soaking.
11.1.5 Swell (percentage of initial height).
11.1.6 Bearing ratio of sample (unsoaked or soaked), per-

cent.
11.1.7 Surcharge amount.
11.1.8 Any special sample preparation and testing proce-

dures (for example, for self cementing materials).
11.1.9 Sample identification (location, boring number, etc.).
11.1.10 Any pertinent testing done to identify the sample

such as: soil classifications per Test Method D 2487, visual
classification per Practice D 2488, Atterberg Limits per Test
Method D 4318, gradation per Method D 422, etc.

11.1.11 The percent material retained on the 19-mm sieve
for those cases where scalping and replacement is used.

12. Precision and Bias

12.1 Precision—Test data on precision is not presented due
to the nature of the materials tested by this test method. It is
either not feasible or too costly at this time to have ten or more
laboratories participate in a round-robin testing program.
Notwithstanding this statement the following is offer for
guidance:

12.1.1 One user, based on seven repetitions, has developed
a IS % of 9.2 % (compacted per Test Method D 698) and 6.9 %
(compacted per Test Method D 1557). See Appendix X1 for the
data used.

12.1.2 Subcommittee D18.05 is seeking any data from the
users of this test method that might be used to make a more
thorough statement on precision.

12.2 Bias—There is no accepted reference value for this test
method, therefore, bias cannot be determined.

13. Keywords

13.1 This standard is indexed under the following terms:
California Bearing Ratio Used For, Narrower Term
Pavement Subgrade Used For, Narrower Term
Subgrade Related Term, Broader Term
Pavement Subbase Used For, Narrower Term
Subbase Used For, Broader Term
Pavement Base Course Used For, Narrower Term
Base Course Used For, Broader Term
Strength of Soil Used For

D 1883 – 07
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Pavement Design Used For, Narrower Term
Acceptance Tests Used For
Bearing Capacity Used For
Materials Evaluations Used For
Bearing Ratio Used For, Broader Term
Load Penetration Curve Used For
Design Used For, Broader Term

Earthfill Related To
Cohesive Soils Used For
Compressive Strength Used For
Flexible Pavements Used For
FoundationInvestigations Used For
Soil Tests Used For

APPENDIX

(Nonmandatory Information)

X1.

See Fig. X1.1 for more information.

SUMMARY OF CHANGES

Committee D18 has identified the location of selected changes to this standard since the last issue
(D 1883 – 05) that may impact the use of this standard. (Approved November 15, 2007.)

(1) Revised Section 1 to include requirements of significant
digits.
(2) Revised Section 1.1 to include Practice D 6026.
(3) Added new Section 3, Terminology.
(4) Added note referencing Practice D 3740 to Significance
and Use section.
(5) Added details to Apparatus section
(6) Eliminated Note 8 that provided guidance for determining

CBRs for penetrations other than 0.1 and 0.2 in.
(7) Eliminated old 9.4 and Figure 4 as these items pertain to
engineering design.
(8) Added formulas to Calculation section.
(9) Modified the report section to include only essential
information.
(10) Modified Precision and Bias section to conform to D18
Standards Preparation Manual.

FIG. X1.1 Compactive Effort
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Designation: D 2434 – 68 (Reapproved 2006)

Standard Test Method for
Permeability of Granular Soils (Constant Head)1

This standard is issued under the fixed designation D 2434; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope

1.1 This test method covers the determination of the coef-
ficient of permeability by a constant-head method for the
laminar flow of water through granular soils. The procedure is
to establish representative values of the coefficient of perme-
ability of granular soils that may occur in natural deposits as
placed in embankments, or when used as base courses under
pavements. In order to limit consolidation influences during
testing, this procedure is limited to disturbed granular soils
containing not more than 10 % soil passing the 75-µm (No.
200) sieve.

1.2 This standard does not purport to address all of the
safety problems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: 2

D 422 Test Method for Particle-Size Analysis of Soils
D 4253 Test Methods for Maximum Index Density and Unit

Weight of Soils Using a Vibratory Table
D 4254 Test Methods for Minimum Index Density and Unit

Weight of Soils and Calculation of Relative Density

3. Fundamental Test Conditions

3.1 The following ideal test conditions are prerequisites for
the laminar flow of water through granular soils under
constant-head conditions:

3.1.1 Continuity of flow with no soil volume change during
a test,

3.1.2 Flow with the soil voids saturated with water and no
air bubbles in the soil voids,

3.1.3 Flow in the steady state with no changes in hydraulic
gradient, and

3.1.4 Direct proportionality of velocity of flow with hydrau-
lic gradients below certain values, at which turbulent flow
starts.

3.2 All other types of flow involving partial saturation of
soil voids, turbulent flow, and unsteady state of flow are
transient in character and yield variable and time-dependent
coefficients of permeability; therefore, they require special test
conditions and procedures.

4. Apparatus

4.1 Permeameters, as shown in Fig. 1, shall have specimen
cylinders with minimum diameters approximately 8 or 12
times the maximum particle size in accordance with Table 1.
The permeameter should be fitted with: ( 1) a porous disk or
suitable reinforced screen at the bottom with a permeability
greater than that of the soil specimen, but with openings
suffıciently small (not larger than 10 % finer size) to prevent
movement of particles; (2) manometer outlets for measuring
the loss of head, h, over a length, l, equivalent to at least the
diameter of the cylinder; (3) a porous disk or suitable
reinforced screen with a spring attached to the top, or any
other device, for applying a light spring pressure of 22 to 45-N
(5 to 10-lbf) total load, when the top plate is attached in place.
This will hold the placement density and volume of soil without
significant change during the saturation of the specimen and
the permeability testing to satisfy the requirement prescribed in
3.1.1.

4.2 Constant-Head Filter Tank, as shown in Fig. 1, to
supply water and to remove most of the air from tap water,
fitted with suitable control valves to maintain conditions
described in 3.1.2.

NOTE 1—De-aired water may be used if preferred.

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and
Rock and is the direct responsibility of Subcommittee D18.04 on Hydrologic
Properties and Hydraulic Barriers.

Current edition approved Feb. 1, 2006. Published March 2006. Originally
approved in 1965. Last previous edition approved in 2000 as D 2434–68(2000).

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

1
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4.3 Large Funnels, fitted with special cylindrical spouts 25
mm (1 in.) in diameter for 9.5-mm (3⁄8-in.) maximum size
particles and 13 mm (1⁄2 in.) in diameter for 2.00-mm (No. 10)
maximum size particles. The length of the spout should be
greater than the full length of the permeability chamber—at
least 150 mm (6 in.).

4.4 Specimen Compaction Equipment2—Compaction
equipment as deemed desirable may be used. The following are
suggested: a vibrating tamper fitted with a tamping foot 51 mm
(2 in.) in diameter; a sliding tamper with a tamping foot 51 mm
(2 in.) in diameter, and a rod for sliding weights of 100 g (0.25
lb) (for sands) to 1 kg (2.25 lb) (for soils with a large gravel
content), having an adjustable height of drop to 102 mm (4 in.)
for sands and 203 mm (8 in.) for soils with large gravel
contents.

4.5 Vacuum Pump or Water-Faucet Aspirator, for evacuat-
ing and for saturating soil specimens under full vacuum (see
Fig. 2).

4.6 Manometer Tubes, with metric scales for measuring
head of water.

4.7 Balance, of 2-kg (4.4-lb) capacity, sensitive to 1 g
(0.002 lb).

4.8 Scoop, with a capacity of about 100 g (0.25 lb) of soil.
4.9 Miscellaneous Apparatus—Thermometers, clock with

sweep second hand, 250-mL graduate, quart jar, mixing pan,
etc.

5. Sample

5.1 A representative sample of air-dried granular soil, con-
taining less than 10 % of the material passing the 75-µm (No.
200) sieve and equal to an amount sufficient to satisfy the
requirements prescribed in 5.2 and 5.3, shall be selected by the
method of quartering.

5.2 A sieve analysis (see Method D 422) shall be made on a
representative sample of the complete soil prior to the perme-
ability test. Any particles larger than 19 mm (3⁄4 in.) shall be
separated out by sieving (Method D 422). This oversize mate-
rial shall not be used for the permeability test, but the
percentage of the oversize material shall be recorded.

NOTE 2—In order to establish representative values of coefficients of
permeabilities for the range that may exist in the situation being
investigated, samples of the finer, average, and coarser soils should be
obtained for testing.

FIG. 1 Constant-Head Permeameter

TABLE 1 Cylinder Diameter

Maximum Particle Size
Lies Between Sieve Openings

Minimum Cylinder Diameter

Less than 35 % of Total Soil Retained on Sieve Opening More than 35 % of Total Soil Retained on Sieve Opening

2.00-mm (No. 10) 9.5-mm (3⁄8-in.) 2.00-mm (No. 10) 9.5-mm (3⁄8-in.)

2.00-mm (No. 10) and 9.5-mm
(3⁄8 in.)

76 mm (3 in.) ... 114 mm (4.5 in.) ...

9.5-mm (3⁄8-in.) and 19.0-mm
(3⁄4 in.)

... 152 mm (6 in.) ... 229 mm (9 in.)
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5.3 From the material from which the oversize has been
removed (see 5.2), select by the method of quartering, a sample
for testing equal to an amount approximately twice that
required for filling the permeameter chamber.

6. Preparation of Specimens

6.1 The size of permeameter to be used shall be as pre-
scribed in Table 1.

6.2 Make the following initial measurements in centimetres
or square centimetres and record on the data sheet (Fig. 3); the
inside diameter, D, of the permeameter; the length, L, between
manometer outlets; the depth, H1, measured at four symmetri-
cally spaced points from the upper surface of the top plate of
the permeability cylinder to the top of the upper porous stone
or screen temporarily placed on the lower porous plate or
screen. This automatically deducts the thickness of the upper
porous plate or screen from the height measurements used to
determine the volume of soil placed in the permeability
cylinder. Use a duplicate top plate containing four large
symmetrically spaced openings through which the necessary
measurements can be made to determine the average value for
H 1. Calculate the cross-sectional area, A, of the specimen.

6.3 Take a small portion of the sample selected as pre-
scribed in 5.3 for water content determinations. Record the
weight of the remaining air-dried sample (see 5.3), W1, for unit
weight determinations.

6.4 Place the prepared soil by one of the following proce-
dures in uniform thin layers approximately equal in thickness
after compaction to the maximum size of particle, but not less
than approximately 15 mm (0.60 in.).

6.4.1 For soils having a maximum size of 9.5 mm (3⁄8 in.) or
less, place the appropriate size of funnel, as prescribed in 4.3,
in the permeability device with the spout in contact with the
lower porous plate or screen, or previously formed layer, and
fill the funnel with sufficient soil to form a layer, taking soil
from different areas of the sample in the pan. Lift the funnel by
15 mm (0.60 in.), or approximately the unconsolidated layer
thickness to be formed, and spread the soil with a slow spiral
motion, working from the perimeter of the device toward the

center, so that a uniform layer is formed. Remix the soil in the
pan for each successive layer to reduce segregation caused by
taking soil from the pan.

6.4.2 For soils with a maximum size greater than 9.5 mm
(3⁄8 in.), spread the soil from a scoop. Uniform spreading can be
obtained by sliding a scoopful of soil in a nearly horizontal
position down along the inside surface of the device to the
bottom or to the formed layer, then tilting the scoop and
drawing it toward the center with a single slow motion; this
allows the soil to run smoothly from the scoop in a windrow
without segregation. Turn the permeability cylinder sufficiently
for the next scoopful, thus progressing around the inside
perimeter to form a uniform compacted layer of a thickness
equal to the maximum particle size.

6.5 Compact successive layers of soil to the desired relative
density by appropriate procedures, as follows, to a height of
about 2 cm (0.8 in.) above the upper manometer outlet.

6.5.1 Minimum Density (0 % Relative Density)—Continue
placing layers of soil in succession by one of the procedures
described in 6.4.1 or 6.4.2 until the device is filled to the proper
level.

6.5.2 Maximum Density (100 % Relative Density):
6.5.2.1 Compaction by Vibrating Tamper— Compact each

layer of soil thoroughly with the vibrating tamper, distributing
the light tamping action uniformly over the surface of the layer
in a regular pattern. The pressure of contact and the length of
time of the vibrating action at each spot should not cause soil
to escape from beneath the edges of the tamping foot, thus
tending to loosen the layer. Make a sufficient number of
coverages to produce maximum density, as evidenced by
practically no visible motion of surface particles adjacent to the
edges of the tamping foot.

6.5.2.2 Compaction by Sliding Weight Tamper—Compact
each layer of soil thoroughly by tamping blows uniformly
distributed over the surface of the layer. Adjust the height of
drop and give sufficient coverages to produce maximum
density, depending on the coarseness and gravel content of the
soil.

FIG. 2 Device for Evacuating and Saturating Specimen
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6.5.2.3 Compaction by Other Methods—Compaction may
be accomplished by other approved methods, such as by
vibratory packer equipment, where care is taken to obtain a
uniform specimen without segregation of particle sizes (see
Test Methods D 4253 and D 4254).

6.5.3 Relative Density Intermediate Between 0 and
100 %—By trial in a separate container of the same diameter
as the permeability cylinder, adjust the compaction to obtain
reproducible values of relative density. Compact the soil in the
permeability cylinder by these procedures in thin layers to a
height about 2.0 cm (0.80 in.) above the upper manometer
outlet.

NOTE 3—In order to bracket, systematically and representatively, the
relative density conditions that may govern in natural deposits or in
compacted embankments, a series of permeability tests should be made to
bracket the range of field relative densities.

6.6 Preparation of Specimen for Permeability Test:
6.6.1 Level the upper surface of the soil by placing the

upper porous plate or screen in position and by rotating it
gently back and forth.

6.6.2 Measure and record: the final height of specimen,
H1 − H2, by measuring the depth, H2, from the upper surface of
the perforated top plate employed to measure H 1 to the top of
the upper porous plate or screen at four symmetrically spaced
points after compressing the spring lightly to seat the porous
plate or screen during the measurements; the final weight of
air-dried soil used in the test (W1 − W 2) by weighing the
remainder of soil, W 2, left in the pan. Compute and record the
unit weights, void ratio, and relative density of the test
specimen.

6.6.3 With its gasket in place, press down the top plate
against the spring and attach it securely to the top of the

FIG. 3 Permeability Test Data Sheet
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permeameter cylinder, making an air-tight seal. This satisfies
the condition described in 3.1.1 of holding the initial density
without significant volume change during the test.

6.6.4 Using a vacuum pump or suitable aspirator, evacuate
the specimen under 50 cm (20 in.) Hg minimum for 15 min to
remove air adhering to soil particles and from the voids.
Follow the evacuation by a slow saturation of the specimen
from the bottom upward (Fig. 2) under full vacuum in order to
free any remaining air in the specimen. Continued saturation of
the specimen can be maintained more adequately by the use of
( 1) de-aired water, or (2) water maintained in an in-flow
temperature sufficiently high to cause a decreasing temperature
gradient in the specimen during the test. Native water or water
of low mineral content (Note 4) should be used for the test, but
in any case the fluid should be described on the report form
(Fig. 3). This satisfies the condition described in 3.1.2 for
saturation of soil voids.

NOTE 4—Native water is the water occurring in the rock or soil in situ.
It should be used if possible, but it (as well as de-aired water) may be a
refinement not ordinarily feasible for large-scale production testing.

6.6.5 After the specimen has been saturated and the per-
meameter is full of water, close the bottom valve on the outlet
tube (Fig. 2) and disconnect the vacuum. Care should be taken
to ensure that the permeability flow system and the manometer
system are free of air and are working satisfactorily. Fill the
inlet tube with water from the constant-head tank by slightly
opening the filter tank valve. Then connect the inlet tube to the
top of the permeameter, open the inlet valve slightly and open
the manometer outlet cocks slightly, to allow water to flow,
thus freeing them of air. Connect the water manometer tubes to
the manometer outlets and fill with water to remove the air.
Close the inlet valve and open the outlet valve to allow the
water in the manometer tubes to reach their stable water level
under zero head.

7. Procedure

7.1 Open the inlet valve from the filter tank slightly for the
first run to conditions described in 3.1.3, delay measurements
of quantity of flow and heat until a stable head condition
without appreciable drift in water manometer levels is attained.
Measure and record the time, t, head, h (the difference in level
in the manometers), quantity of flow, Q, and water temperature,
T.

7.2 Repeat test runs at heads increasing by 0.5 cm in order
to establish accurately the region of laminar flow with velocity,
v (where v = Q/At), directly proportional to hydraulic gradient,
i (where i = h/L). When departures from the linear relation
become apparent, indicating the initiation of turbulent flow

conditions, 1-cm intervals of head may be used to carry the test
run sufficiently along in the region of turbulent flow to define
this region if it is significant for field conditions.

NOTE 5—Much lower values of hydraulic gradient, h/L, are required
than generally recognized, in order to ensure laminar flow conditions. The
following values are suggested: loose compactness ratings, h/L from 0.2 to
0.3, and dense compactness ratings, h/L from 0.3 to 0.5, the lower values
of h/L applying to coarser soils and the higher values to finer soils.

7.3 At the completion of the permeability test, drain the
specimen and inspect it to establish whether it was essentially
homogeneous and isotropic in character. Any light and dark
alternating horizontal streaks or layers are evidence of segre-
gation of fines.

8. Calculation

8.1 Calculate the coefficient of permeability, k, as follows:

k 5 QL/Ath

where:
k = coefficient of permeability,
Q = quantity of water discharged,
L = distance between manometers,
A = cross-sectional area of specimen,
t = total time of discharge,
h = difference in head on manometers.

8.2 Correct the permeability to that for 20°C (68°F) by
multiplying k (see 8.1) by the ratio of the viscosity of water at
test temperature to the viscosity of water at 20°C (68°F).

9. Report

9.1 The report of permeability test shall include the follow-
ing information:

9.1.1 Project, dates, sample number, location, depth, and
any other pertinent information,

9.1.2 Grain size analysis, classification, maximum particle
size, and percentage of any oversize material not used,

9.1.3 Dry unit weight, void ratio, relative density as placed,
and maximum and minimum densities,

9.1.4 A statement of any departures from these test condi-
tions, so the results can be evaluated and used,

9.1.5 Complete test data, as indicated in the laboratory form
for test data (see Fig. 3), and

9.1.6 Test curves plotting velocity, Q/At, versus hydraulic
gradient, h/L, covering the ranges of soil identifications and of
relative densities.

10. Keywords

10.1 constant head; granular; permeability; soils
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TECHNICAL DESIGN 
MEMORANDUM 

Provincetown Harbor Stormwater 
Mitigation Project

2009-04/ARRA 604

Town of Provincetown, Massachusetts

February 2011  

WATER | ENERGY & RESOURCES | ENVIRONMENT | PROPERTY & BUILDINGS | TRANSPORTATION 



Provincetown Harbor Stormwater Mitigation Project  

Robert Roseen, The UNH Stormwater Center, Director, D.WRE, P.E., Ph.D., 

Thomas Ballestero, UNHSC, Senior Scientist, P.E., Ph.D., PH, CGWP, PG 

January 24, 2011 

Executive Summary 

 

A 50% design involving the use of a porous pavement was evaluated for the reconstruction of 
Commercial Street from Atlantic Avenue to the West End Lot for Provincetown, MA. The design evaluated 
the structural load capacity of the proposed road base, the geotechnical suitability of the native soils, the 
potential impacts of hydraulic loading upon the groundwater table and hydraulic mounding, and proposed 
an asphalt mix-design to meet the traffic requirements. Through the use of widespread infiltration the 
design seeks to help Provincetown address their need to manage stormwater and beach impairments 
which occur from the discharge of untreated runoff from many outfalls. The proposed design will fully 
manage runoff from the highly trafficked section of Commercial Street, and in addition to managing 
rooftop runoff from adjacent buildings where feasible. The design also considered the long-term 
maintenance aspect of the pavement with respect to the municipality’s current maintenance routine. 

The porous pavement design includes 4 inch of porous asphalt underlain by an 18 inch minimum 
thickness reservoir bed, atop proof rolled native sands (see Appendix A). The road bed includes a 4 foot 
wide by 2 foot deep infiltration trench along the road centerline to focus infiltration to minimize risk to 
abutters. The road bed also includes the use of an impermeable liner alongside the vertical walls of the 
pavement subbase to prevent potential lateral migration under sidewalks and into buildings. 

The proposed roadbed design was evaluated for durability and lifecycle and found to be approximately 
160% of the anticipated design load for a design life of 20 years. The evaluation was based on the 
AASHTO method assessing the equivalent single axle loads (ESALs) for the local traffic conditions of 
nearly 900 vehicles of daily traffic with 4 percent consisting of trucks. The pavement design was found to 
tolerate 840,000 ESALs with an anticipated ESAL load of 560,000 over the 20 year design life (see 
Appendix B).  

Geotechnical investigations were performed at 12 locations assessing depth to water and soil 
characteristics (see Appendix C). The soils generally consisted of fine sands with a trace of silt. The 
saturated hydraulic conductivity at 95% compaction ranged from a low of 0.05 cm/sec to a maximum of 
0.58 cm/sec with an average of 0.17 cm/sec. The depth to groundwater is greater than the depth of the 
proposed pavement section and on average was 8.1 feet with a minimum of 4 feet and max of 15 feet 
based on May 2010 when the groundwater level is at its highest. Naturally deposited, proof rolled sand is 
anticipated at subgrade with an anticipated subgrade resilient modulus value of 4,000 pounds per square 
inch. 

Hydraulic loading, groundwater table and hydraulic mounding were evaluated for the common 1-inch 
storm and the extreme 100-year storm with little to no impacts calculated. For coastal New England, 
approximately 90% of the days when there is measurable rainfall have a total daily rainfall depth less than 
one inch.  In addition, in order to look at the concern of rising groundwater levels conservatively, the 
responses to the 100-year precipitation events were also studied for a worst case scenario (4 hour 



duration) to a one day storm were modeled. Influences on the groundwater table as modeled at the edge 
of pavement for the 1 inch storm indicated that no observable mounding would occur (<0.02 ft); and for 
the 100 year storm ranged from 0.1 feet (rainfall occurring over 24 hours) to 0.33 ft (rainfall occurring over 
4 hours). Considerations were given to potential hydraulic routing within pipe bedding. If not properly 
accounted for routing might occur within trenches in the pipe bedding as a potential avenue to 
basements. It was concluded that no preferential materials exist due to the widespread use of native 
sands as pipe bedding materials (see Appendix D).  

The porous asphalt mix design chosen is the pavement type recommended by the UNHSC Design 
Specification for Porous Asphalt Pavement and Infiltration Beds in accordance with the National Asphalt 
Paving Association guidance (see Appendix E). The porous asphalt pavement will be paced in two lifts. 
The recommended asphalt binder for the wearing course is a performance grade binder with the 
specifications of 76-22 modified with a styrene-butadiene-styrene polymer and 5 pounds of fibers per ton. 
This is a very durable wearing course suitable for high traffic environments and used elsewhere in other 
heavy duty applications. The recommended asphalt for the binder course is a performance grade binder 
with the specifications of 64-28 modified with 5 pounds of fibers per ton. This is a sufficiently durable 
pavement that will be protected by the more durable wearing course. A locally available reservoir bed was 
specified as a blend of 3/8, 1/2, 1-1/2 inch minus crushed stone (see Appendix F). The density and voids 
(AASHTO T 19) were 93.9 pounds per cubic foot and 41.5% voids. 

The long-term functionality of porous pavements requires a routine vacuum cleaning. Due to the high 
pedestrian traffic of Commercial Street the town vacuum cleans this area nightly during peak months. It 
can therefore be expected that the area will receive approximately 120 cleanings per year. This amount of 
cleaning is an ideal maintenance condition. 
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Appendix A 
University of New Hampshire Stormwater Center  

Porous Pavement Concept Design 
Provincetown, MA



Porous Asphalt:

Placed in 2 lifts, The wearing course asphalt

binder would be PG76-22 modified with SBS

and 5 pounds of fibers per ton.

The binder course asphalt would be PG64-28

modified with 5 pounds of fibers per ton.

Porous pavement section is performed in

accordance with the 2009 UNHSC Design

Specifications for Porous Asphalt Pavement

and Infiltration Beds or most current.

Reservoir Bed:

Blend of 3/8, 1/2, 1-1/2 inch minus

crushed stone .

Locally available.

Gradation (AASHTO T 27)

Sieve Size

2"

1 1/2"

1"

3/4"

1/2"

3/8"

#4

#200

Density and Voids (AASHTO T 19)

Test

Bulk Density

Bulk Specific Gravity

Void Content

Native Materials Subgrade:

Laboratory testing information

indicates the subgrade soil generally

consist of fine sand with trace salt

(note: USCS Classification of SP).

The depth to groundwater is greater

than the depth of the proposed

pavement section and on average has

8.1 ft with a min of 4 ft and max of 15 ft

based on May 2010 when the

groundwater level is at its highest.

Naturally deposited, proof rolled sand

is anticipated at subgrade with an

anticipated subgrade resilient modulus

value of 4,000 pounds per square inch

was used for pavement design.

Geotech:

Based on the AASHTO method, the

pavement section could tolerate a total of

about 840,000 equivalent single axle loads

(ESAL). Given the traffic information

provided, the pavement would experience

about 560,000 ESAL over a 20 year design

life or 160% of the anticipated design load.

The proposed pavement section is suitable

for the anticipated traffic over the design life

of 20 years.

Loading was estimated from information

from Provincetown contained in the Cape

Cod Traffic Counting Report 2009, and from

information provided by the Massachusetts

Highway Department concerning truck

traffic volume.

Evaluation was based on an annual average

of 863 vehicles per day of daily traffic, with 4

percent of the traffic consisting of trucks.
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Appendix B 
R.W. Gillespie & Associates, Inc. 

Evaluation of Proposed Pavement Section Design









Appendix C 
Soil Exploration Corp. 

Test Boring Logs 
Provincetown, MA



                                 TEST BORING LOG                 SHEET  1  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-1  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Atlantic Ave.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
 

2 
 

3 
 

4 
 

5 
 

6 
 

7  

 
 
 
 
 
 
 

16” 
 

12” 
 

14” 
 

14” 
 

12” 
 

10” 
 

3” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

4”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
 

9’0”-11’0” 
 

11’0”-13’0” 
 

13’0”-15’0” 
 

15’0”-17’0” 
 

17’0”-19’0”   

 
  

 
 
 
 
 

4-6-6-5 
 

3-2-2-2 
 

2-1-3-4 
 

4-3-4-6 
 

6-4-2-2 
 

3-4-7-8 
 

4-6-5-6 
 
 
 

4”  
  
  
 
  
 
 

5’0” 
 
 
 
 
 
 
 
 
 
 
 
 
 

19’0” 
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated. 
 
  
____________________________________________________ 
 
 
 
 
 
 
Loose to medium dense, dry to wet, fine to coarse sand, trace 
inorganic silt.  
 
 
 
 
 
____________________________________________________ 
 
End of boring at 19’0”. 
Water encountered at 13’6” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  2  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-2  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Conant Street  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
 

2 
 

3 
 

4 
 

5 
 

6 
 

7  

 
 
 
 
 
 
 

12” 
 

14” 
 

12” 
 

12” 
 

11” 
 

12” 
 

14”  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

5”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
 

9’0”-11’0” 
 

11’0”-13’0” 
 

13’0”-15’0” 
 

15’0”-17’0” 
 

17’0”-19’0”   

 
  

 
 
 
 
  

1-2-4-5 
 

4-5-6-7 
 

7-5-3-3 
 

2-2-2-3 
 

1-1-1-1 
 

1-1-1-1 
 

1-1-1-1 
 

5”  
  
  
 
  
 
 

5’0” 
 
 
 
 
 
 
 
 
 

15’0” 
 
 
 

19’0” 
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
 
 
 
 
Loose to medium dense, dry to moist, fine to coarse sand, trace 
inorganic silt.  
 
 
 
____________________________________________________ 
 
Very loose, wet, fine to coarse sand. 
 
____________________________________________________ 
 
End of boring at 19’0”. 
Water encountered at 15’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  3  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-3  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Pleasant St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
 

2 
 

3 
 

4 
 

5 
 

6 
 

7  

 
 
 
 
 
 
 

 12” 
 

14” 
 

10” 
 

10” 
 

12” 
 

18” 
 

18” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

4”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
 

9’0”-11’0” 
 

11’0”-13’0” 
 

13’0”-15’0” 
 

15’0”-17’0” 
 

17’0”-19’0”   

 
  

 
 
 
 
  

 2-3-2-2 
 

2-2-2-2 
 

2/24” 
 

2-2-2-2 
 

2-2-1-1 
 

2-3-8-15 
 

5-7-9-10 
 

4”  
  
  
 
  
 
 

5’0” 
 
 
 
 
 
 
 

13’0” 
 

15’0” 
 
 
 

19’0” 
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
 
 
 
Very loose to loose, dry to moist, fine to coarse sand, trace 
inorganic silt. 
 
  
____________________________________________________ 
Very loose, wet, fine to medium sand, some organic silt and 
inorganic silt                                                                                   . 
 
Loose to medium dense, wet, fine to coarse sand, trace inorganic 
silt. 
____________________________________________________ 
 
End of boring at 19’0”. 
Water encountered at 13’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  4  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-4  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Whorfs Court  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
 

2 
2A 
3 
 

4 
 
   

 
 
 
 
 
 
 

12” 
 

10” 
3” 

10” 
 

11” 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

6”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-8’6” 
8’6”-9’0” 

9’0”-11’0” 
 

11’0”-13’0” 
 
    

 
  

 
 
 
 
  

2-3-3-3 
 
 

1 
2-2-3-2 

 
2-2-3-2  

 

6”  
  
  
 
  
 
 

5’0” 
 

7’0” 
8’6” 
9’0” 

 
11’0” 

 
13’0” 

 
  
 
 
 
  
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
Loose, wet, fine to medium sand, some organic silt and inorganic  
silt                                                                                                  . 
Loose, wet, fine to coarse sand, trace inorganic silt                       . 
Soft, wet organic silt, some fine sand                                            . 
Loose, wet, fine to coarse sand, trace organic silt.  
____________________________________________________ 
Loose, wet, fine to coarse sand. 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 5’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  5  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-5  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Franklin St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
  

2  
 

3 
 

4  

 
 
 
 
 
 
 

10” 
 

18” 
 

8” 
 

14”  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

5”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
  

9’0”-11’0” 
 

11’0”-13’0” 
 
    

 
  

 
 
 
 

   
3-4-6-4 

 
2-1-2-2 

 
1-1-2-1 

 
1-1-1-1 

5”  
  
  
 
  
 
 

5’0” 
 
  
 
 
 
 
 

13’0” 
 
  
 
 
 
  
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
  
 
 
Loose to medium dense, wet, fine to coarse sand, trace inorganic 
silt. 
 
 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 4’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  6  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-6  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           108 Commercial Street  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 27, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 27, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
  

2  
 

3 
 

4  

 
 
 
 
 
 
 

 2” 
 

14” 
 

12” 
 

10” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

5”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
  

9’0”-11’0” 
 

11’0”-13’0” 
 
    

 
  

 
 
 
 

   
 1-1-2-3 

 
3-5-5-6 

 
2-2-2-3 

 
4-4-4-4 

5”  
  
  
 
  
 
 

5’0” 
 
  
 
 
 
 
 

13’0” 
 
  
 
 
 
  
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
  
 
 
Wet, fine to coarse sand, trace fine gravel and inorganic silt. 
  
 
 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 5’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  7  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-7  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Mechanic St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
  

2  
 

3 
 

4  

 
 
 
 
 
 
 

 16” 
 

18” 
 

12” 
 

12”  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

3”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
  

9’0”-11’0” 
 

11’0”-13’0” 
 
    

 
  

 
 
 
 

   
2-2-2-2 

 
1-2-1-2 

 
1-2-1-1 

 
1-1-2-2  

3”  
  
  
 
  
 
 

5’0” 
 
  
 

9’0” 
 
 
 

13’0” 
 
  
 
 
 
  
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
  
Very loose to loose, wet, fine to coarse sand. 
 
____________________________________________________  
  
Very loose, wet, fine to coarse sand, trace organic silt. 
 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 6’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  8  

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-8  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Cottage St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 
 
 
 
 

1 
  

2  
 

3 
 

4  

 
 
 
 
 
 
 

 14” 
 

16” 
 

10” 
 

17” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

4”-5’0” 
 
 
 

5’0”-7’0” 
 

7’0”-9’0” 
  

9’0”-11’0” 
 

11’0”-13’0” 
 
    

 
  

 
 
 
 

  
2-2-1-2 

 
2-3-2-3 

 
3-4-4-5 

 
3-4-4-4  

4”  
  
  
 
  
 
 

5’0” 
 
  
 
  
 
 
 

13’0” 
 
  
 
 
 
  
  

Asphalt                                                                                           . 
 
  
 
Vacuum excavated (sand). 
 
  
____________________________________________________ 
  
  
 
Dry to wet, fine to coarse sand, trace organic silt. 
 
 
 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 7’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  9 

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-9  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./Soper St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 

 
 
 

1 
  

2  
 

3 
 

4 
 

5  

 
 
 
 
 
 

18” 
 

14” 
 

9” 
 

7” 
 

8”  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 
  
 
 

4’0”-6’0” 
 

6’0”-8’0” 
 

8’0”-10’0” 
  

10’0”-12’0” 
 

12’0”-14’0” 
 
    

 
  

 
 
 
 

2-2-2-2 
 

1-1-1-1 
 

5-6-8-8 
 

8-8-8-7 
 

4-3-2-2   

  
  
  
 
  
 
 
  
 
  
 
  
 
 
 
 

14’0” 
 
  
 
 
 
  
  

  
 
 
 
  
 
  
Loose to medium dense, moist to wet, fine to coarse sand, trace 
organic silt. 
 
 
 
 
 
 
 
____________________________________________________ 
 
End of boring at 14’0”. 
Water encountered at 6’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  10 

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-10  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           Commercial St./West Vine St.  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 

 
 
 
 

1 
  

2  
 

3 
 

4 
 
   

 
 
 
 
 
 
  

16” 
 

16” 
 

12” 
 

14” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

4”-5’0”  
 
 
 

 5’0”-7’0” 
 

7’0”-9’0” 
 

9’0”-11’0” 
  

11’0”-13’0” 
 
  
 
    

 
  

 
 
 

 
 

2-2-2-2 
 

1-1-1-1 
 

1-2-1-1 
 

4-4-3-4    

 4” 
  
  
 
  
 
 

 5’0” 
 
  
 
  
 
 

 
13’0” 

 
  
 
 
 
  
  

Asphalt                                                                                           .  
 
 
Vacuum excavated (sand). 
  
 
 
____________________________________________________ 
  
  
 
Very loose to loose, dry to wet, fine to coarse sand, trace organic 
silt. 
 
 
____________________________________________________ 
 
End of boring at 13’0”. 
Water encountered at 7’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  11 

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-11  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           65 Commercial Street  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 

 
 
 

1 
  

2  
 

3 
 

4 
 

5   
 

6 

 
 
 
 
 
 

 16” 
 

14” 
 

18” 
 

13” 
 

22” 
 

2” 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 

4”-4’0”  
 

 
 4’0”-6’0” 

 
6’0”-8’0” 

 
8’0”-10’0” 

  
10’0”-12’0” 

 
12’0”-14’0”  

 
14’0”-16’0”    

 
  

 
 
 

 
2-2-3-4 

 
3-2-2-2 

 
4-3-2-2 

 
2-2-2-2 

 
2-2-3-2 

 
4-4-5-3 

 4” 
  
  
 
  
 

 4’0” 
 
  
 
  
 
 

 
 
 
 
 
16’0” 

 
  
 
 
 
  
  

Asphalt                                                                                           .  
 
 
Vacuum excavated (sand). 
  
 
____________________________________________________ 
  
  
 
 
 
Loose, dry to wet, fine to coarse sand, trace inorganic silt. 
 
 
 
 
 
____________________________________________________ 
 
End of boring at 16’0”. 
Water encountered at 10’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 

 



                                 TEST BORING LOG                 SHEET  12 

Soil Exploration Corp. 
Geotechnical Drilling 

Groundwater Monitor Well 

           Stearns & Wheler  

Site:   Provincetown Harbor  
BORING B-12  

148 Pioneer Drive 

Leominster, MA 01453 

978 840-0391 
           Stormwater Mitigation Project 

           54 Commercial Street  

PROJECT NO. 10-0442   

            DATE: April 29, 2010   

Ground Elevation:       GROUNDWATER OBSERVATIONS
Date Started: April 28, 2010  DATE DEPTH CASING STABILIZATION 

Date Finished: April 28, 2010                          

Driller: RB                          

Soil Engineer/Geologist:                               

Depth Casing Sample  Visual Identification 
Ft. bl/ft No. Pen/Rec Depth Blows/6” Strata of Soil and / or Rock Sample 
 
 
 

1 
 
 

 
5 
 
 
 
 

10 
 
 
 
 

15 
 
 
 
 

20 
 
 
 
 

25 
 
 
 
 

30 
 
 
 
 

35 
 
 
 

39 

  
 

 
  
 

 
 
 

1 
  

2  
 

3 
3A 
4 
 

5   
 
  

 
 
 
 
 
 

12” 
 

12” 
 

6” 
8” 

14” 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
 
  

 
 

 4’0”-6’0” 
 

6’0”-8’0” 
 

8’0”-9’0” 
9’0”-10’0”  
10’0”-12’0” 

 
12’0”-14’0”  

 
     

 
  

 
 
 

 
7-5-5-4 

 
4-3-4-4 

 
2-1 
1-1 

WOH/18”-
1/6”  

 
1-2-1-1 

 4” 
  
  
 
  
 
  
 
  
 
  

9’0” 
10’0” 

 
12’0” 

 
14’0” 

 
  
 
 
 
  
  

Asphalt                                                                                           .  
 
 
 
 
 
Loose to medium dense, dry to wet, fine to coarse sand. 
 
 
 
 
____________________________________________________ 
Very loose, wet, fine to medium sand and organic silt                 . 
Very loose, wet, fine to coarse sand, some organic silt. 
____________________________________________________ 
Very soft, wet organic silt and peat. 
____________________________________________________ 
 
End of boring at 14’0”. 
Water encountered at 6’0” upon completion. 

 

Notes:       Geoprobe 6610   
 

Cohesionless:   0 - 4 V. Loose,  4 - 10 Loose, Trace      0 to 10% CASING SAMPLE CORE TYPE

10 -30 M Dense,  30 -50 Dense,  50+ V Dense. Little      10 to 20% ID SIZE (IN)  SS 

Cohesive:   0 -2 V Soft,  2 -4 Soft,  4 -8 M Stiff Some      20 to 35% HAMMER WGT (LB)  140 lb. 

8 -15 Stiff,   15 -30 V. Stiff,  30 + Hard. And        35% to 50% HAMMER FALL (IN)  30" 
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Hydraulic Mounding in Response to Porous Pavement Recharge 
Commercial Street, Provincetown, MA 

 
Thomas P. Ballestero and Robert M. Roseen 

2 August 2010 
 
The objective of this report is to address and quantify the expected changes to groundwater 
levels in response to rainfall recharge through the proposed porous asphalt Commercial Street in 
Provincetown, MA.  Upon identifying changes to groundwater levels in response to recharge, 
recommendations will be made on their significance and how to accommodate these effects. 
 
In a design sense, the 0ne-inch rainfall is a common design metric for Low Impact Development 
stormwater management.  For this event, one inch of precipitation depth is used, and for coastal 
New England, approximately 90% of the days when there is measurable rainfall, the total daily 
rainfall depth is less than one inch.  In addition, in order to look at the concern of rising 
groundwater levels conservatively, the responses to the 100-year precipitation events were also 
studied.  Since it was not known beforehand what rainfall duration would create the worst 
mounding, durations from 5 minutes to one day were modeled.  The 100-year precipitation 
rainfall-duration-frequency for Barnstable, MA (Nyman, 2002, Figure 1) was used to define the 
rainfall characteristics driving the recharge into the porous asphalt road. 
 
In addition to using conservative rainfall, a conservative groundwater model was selected.  The 
model used was analytical theory by Glover (Glover, 1960).  The reasons why this is a 
conservative model of the mounding phenomenon (meaning that the model predicts higher 
mound levels than observed in reality) include: 

• No flow is modeled through the unsaturated zone:  routing (and peak attenuation) 
does not occur, therefore water at the road surface is presumed to immediately 
enter groundwater. 

• This is a two dimensional (2-D) groundwater flow model (two horizontal flow 
directions), since the total water flow (recharge) is a single value for either 2-D or 
3-D flow, in two directions more energy (higher water levels) is needed to move 
the flow compared to three directions. 

 
The road cross section (Figure 2) is designed to primarily infiltrate into the ground along the road 
centerline where a 4-ft wide trench collects water that penetrates the asphalt surface.  The cross 
section was modeled two ways, only allowing infiltration along the 4-ft trench, as well as 
allowing infiltration along the entire 24-ft road width.  The real system will act somewhere 
between these two scenarios. 
 
The groundwater mound (increased groundwater levels compared to before the storm) were 
calculated from the road centerline (x = 0) and perpendicularly away from the road centerline.  
This means the distance of 12 feet in the results section is at the edge of pavement (assuming the 
full road width to be 24 feet). 
 
Model input includes information from the boring campaign, rainfall, and road geometry.  The 
borings yielded information of:  depth to groundwater, bottom of boring, and samples for particle 



2 
 

size analysis and geotechnical testing.  Table 1 presents overall ranges of values for this data.  
The boring information indicates remarkably uniform coarse sand throughout the project site 
with high permeability.  The last column of Table 1 is hydraulic conductivity values estimated 
for beach sands (Shepherd, 1989). 
 

 
Figure 1.  Intensity-Duration-Frequency Curve for Barnstable, MA 
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To estimate the transmissivity of the formation (saturated thickness times the saturated hydraulic 
conductivity), the averages from Table 1 yield a value of 5,800 ft2/day.  The minimum product 
from Table 1 is 3,400 ft2/day.  Transmissivity (T) relates to mound growth in the following way:  
low T results in high mound growth at the location of recharge and lower mound growth farther 
away.  High T results in low mound growth at the location of recharge, but higher mound growth 
(compared to the low T case) farther away (where mound growth is generally small).  In the 
context of being conservative in estimating the effects of the porous road recharge on 
groundwater levels on the properties next to the road a slightly lower than average value of T, in 
this case, was considered to be sufficiently conservative.  Drilling did not go deep enough to 
reach the salt water lens.  This lens acts as an impermeable barrier to the recharging water and 
fresh groundwater flow.  Therefore, the actual saturated thicknesses in column three of Table 1 
could be much larger.  This means that in reality, transmissivities are higher, and actual mound 
growths will be less than those predicted by the Glover model.  For example, the result of just 
one more foot of saturated thickness at each boring increases the lowest value of T in Table 1 to 
4,300 ft2/day.   
 
Table 1.  Formation Characteristics From Boring Logs 
 

Boring 
ID 

Depth 
to 

Water 
(ft) 

Saturated 
Thickness 

(ft) 

Measured Saturated 
Hydraulic 

Conductivity at 95% 
Compaction (cm/s) 

D50 (mm) 

Estimated In Situ 
Saturated 
Hydraulic 

Conductivity (cm/s) 
B1 13.5 5.5 0.12 0.7 0.30 
B2 15.0 4.0 0.057 0.7 0.30 
B3 13.0 6.0 0.14 0.64 0.26 
B4 5.0 8.0 0.048 0.72 0.32 
B5 4.0 9.0 0.15 0.72 0.32 
B6 5.0 8.0 0.14 0.74 0.33 
B7 6.0 7.0 0.14 0.65 0.27 
B8 7.0 6.0 0.19 0.62 0.25 
B9 6.0 8.0 0.58 0.68 0.29 
B10 7.0 6.0 0.14 0.66 0.27 
B11 10.0 6.0 0.28 0.78 0.37 
B12 6.0 8.0 0.11 0.7 0.30 

Average 8.1 6.8 0.17 0.69 0.30 
Max 15.0 9.0 0.58 0.78 0.37 
Min 4.0 4.0 0.05 0.62 0.25 

 
 
Borings were completed in May 2010, frequently a time of year when groundwater levels are 
near to their annual highest.  Typically in New England sand and gravel formations like this, 
groundwater levels will normally rise and fall three feet or more over the year in response to 
precipitation recharge.  Given all of the field and laboratory measured saturated thickness, 
hydraulic conductivity, and formation characteristics, for the purposes of modeling groundwater 
mounding, a transmissivity of 4,000 ft2/day was used. 
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Borings were completed in May 2010, typically a time of year when groundwater levels are near 
to their highest.  Typically in a sand and gravel formation like this in New England, groundwater 
levels will normally rise and fall three feet or more over the year, in response to precipitation 
recharge.  Figure 2 displays the depth to groundwater in the USGS well in Brewster, MA for the 
past 12 months.  The land elevation at this well is 50.45 feet above sea level NGVD29.  With a 
very low water level of 34 feet below land surface, this means that the water level in this well is 
just over 16 feet higher than sea level.  Meaning that there is then about 40 times this distance 
below sea level down to the salt water…or at least 656 feet of saturated thickness!  At this 
writing, no land topographic elevations along Commercial Street have been documented for this 
mounding study, but from the USGS topographic map, elevations are at least 10 feet above sea 
level.  Therefore with 5 feet to water in a boring, that leaves at least 5 feet of groundwater above 
sea level and therefore at least 105 feet of saturated thickness.  At the average hydraulic 
conductivity for this site (30 cm/s) this results in a transmissivity estimated at over 80,000 
ft2/day. 

 
 
Figure 2.  USGS Observed Well Water Data (thick RED line) and Long Term Statistics (Well ID 
- 414630070014901 - MA-BMW 22 BREWSTER, MA). 
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The conceptual design for Commercial Street is to have the porous asphalt layer be underlain by 
stone, then the stone sits on the native materials (the subgrade).  The stone is to be deeper in the 
road, as depicted in Figure 3.  A four-foot wide trench will act as the primary infiltration for 
water that enters the road surface.  Infiltration can certainly occur along the full width of the 
road, however, during large rainfall events, water is conducted to the center of the road in order 
to minimize mounding effects on properties close to the road. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Typical Road Cross Section. 
 
Figure 4 depicts the groundwater mound for all water entering the 4-ft wide trench in response to 
one inch of rainfall over a 30-minute period.  Mound history is tracked every 30 minutes out to 
150 minutes.  With a 3-ft wide sidewalk immediately next to the road, the mound height at 15 
feet is relevant to compare to nearby structures.  In the figure, the maximum mound growth for 
this storm is 0.04 feet.  Typically groundwater levels are measured to 0.01 feet.  15 feet away 
from the road centerline, the maximum mound growth is 0.012 feet, then rises 30 minutes later 
(to 0.014 feet) as the water under the road spreads laterally.  Two hours after the storm ended 
(150 minutes) the mound at 15 feet is at 0.009 feet.  All of these levels are considered acceptable 
and not causing nuisances.  These would be well within the normal groundwater fluctuations. 
 
As noted previously, the one-inch rainfall depth OR LESS occurs 90% of the time.   Figure 5 
demonstrates the effect of storm duration on maximum mound growth.  As can be seen from 
Figure 5, for the one-inch storm depth, the 1-hour duration causes the largest mound growth at 
15 feet. 
 
 
 
 

4 ft 

Porous Asphalt 

Stone 

24 ft 



6 
 

 
Figure 4.  Mound growth due to a one-inch depth, 30-minute duration storm in the 4-ft trench. 
 

 
Figure 5.  Mound growth comparison by varying the duration of the one-inch depth storm in the 
4-ft trench. 
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For analysis of the 100-year rainfall events, Table 2 was developed from the Figure 1 
information.  These were the events modeled for mounding.  All results appear in the appendices 
to this report. As is evident from Table 2, the longer the storm duration, the lower the rainfall 
rate, but the larger the amount of rain.  As a result, the storm that yields the largest mounding at 
15 feet from the road centerline is the 4-hour, 100-year storm.  Figure 6 displays the comparison 
of infiltrating the water in the 4-ft trench versus across the entire road width.  As is evident from 
Figure 6, the 4-ft wide trench does minimize mound growth away from the road.  At long times, 
this effect is not noticed. 
 
Table 2.  Rainfall rate-Intensity-Duration-Depth Data for the 100-year Events 
 

Duration Intensity (in/hr) Total Depth (in) 
5 min 7.3 0.61 
10 min 6.2 1.03 
30 min 3.8 1.9 
1 hour 2.7 2.7 
2 hour 1.8 3.6 
4 hour 1.3 5.2 
10 hour 0.6 6.0 
1 day 0.3 7.2 

 

 
Figure 6.  4-hour, 100-year storm mounding:  trench (4-ft) and full road width (24-ft). 
 
For the 4-hour 100-year storm, the model is predicting mound growth away from Commercial 
Street of less than 0.3 feet.  While this is substantially less than the normal rise and fall of the 
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groundwater table over the year, it is sufficient to warrant a review of all basement locations 
along Commercial Street and documentation of existing problems with water entering 
basements.  At such locations, as well as along locations where pipe/utility bedding crosses 
Commercial Street, barriers should be employed to divert the infiltrating water away from these 
locations. 
 
Figure 7 demonstrates the effect of transmissivity on the mound height estimates.  As discussed 
previously, the real transmissivity at this location could be higher than 80,000 ft2/day, but 
because borings were less than 15 feet deep, a true saturated thickness was not available.  In 
figure 7, the 100-year, 4-hour duration storn is modeled for the trench using a transmissivity of 
50,000 ft2/day.  As is evident from the figure, mounding in this case is all less than 0.012 ft. 
 

 
Figure 7.  Mounding for the 4-hour duration, 100-year storm, 4-ft trench, and transmissivity = 
50,000 ft2/day. 
 
Given the results described in this report, mounding should not create excessively high or 
nuisance groundwater conditions under or away from the porous asphalt road.  However a 
thorough survey of building foundations and basement floor elevations should be conducted.  If 
there are buildings close to Commercial Street today with basements that exhibit groundwater 
seepage today (possibly requiring a sump and/or pumping system), additional road drainage 
design features should be implemented at and near to these sites (for example buried 
perforated/slotted drains at the edge of pavement, impermeable liners along the full depth of the 
road excavation, etc. 
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PART 1 GENERAL 

1.1  DESCRIPTION 
A. This specification is intended to be used for porous asphalt pavement in parking lot applications.  

Stormwater management functions of porous asphalt installations include water quality treatment, 
peak flow reduction, storm volume reduction via groundwater recharge, and increased hydrograph 
time lag.  This specification is intended for a cold climate application based upon the field 
experience at the UNHSC porous asphalt parking lot located in Durham, New Hampshire, 
however the specification can be adapted to projects elsewhere provided that selection of materials 
and system design reflects local conditions, constraints, and objectives. 
 

B. The work of this Section includes subgrade preparation, installation of the underlying porous 
media beds, and porous asphalt mix (mix) design, production, and installation.  Porous media beds 
refer to the material layers underlying the porous asphalt pavement.  Porous asphalt pavement 
refers to the compacted mix of modified asphalt, aggregate, and additives. 
 

C. The porous asphalt pavement specified herein is modified after the National Asphalt Pavement 
Association (NAPA) specification outlined in Design, Construction, and Maintenance Guide for 
Porous Asphalt Pavements, Information Series 131 (2003) and Design, Construction, and 
Maintenance of Open-Graded Friction Courses, Information Series 115 (2002). 
 

D. Alternative specifications for mix, such as Open Graded Friction Courses (OGFC) from Federal 
Agencies or state Departments of Transportation (DOT), may be used if approved by the Engineer. 
The primary requirements for the specifications of the mix are performance grade (PG) asphalt 
binder, binder content, binder draindown, aggregate gradation, air void content, retained tensile 
strength (TSR). 

1.2  SUBMITTALS  
 

A. Submit a list of materials proposed for work under this Section including the name and address of 
the materials producers and the locations from which the materials are to be obtained. 
 

B. Submit certificates, signed by the materials producers and the relevant subcontractors, stating that 
materials meet or exceed the specified requirements, for review and approval by the Engineer. 
 

C. Submit samples of materials for review and approval by the Engineer.  For mix materials, samples 
may be submitted only to the QA inspector with the Engineer’s approval. 
 

D. Submittal requirements for samples and certificates are summarized in 1.3  QC/QA 
 

A. Use adequate numbers of skilled workers who are thoroughly trained and experienced in the 
necessary crafts and who are completely familiar with the specified requirements and the methods 
needed for proper performance of the work in this section. 
 

B. Codes and Standards - All materials, methods of construction and workmanship shall conform to 
applicable requirements of AASHTO ASTM Standards, NHDOT Standard Specifications for 
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Road and Bridge Construction, latest revised (including supplements and updates), or other 
standards as specified. 
 

C. QC/QA requirements for production of mix are discussed in the Materials section, and for 
construction of the porous media beds and paving in the Execution section. 

 
E. Table 1 and discussed in further detail in the Materials section. 

1.3  QC/QA 
 

D. Use adequate numbers of skilled workers who are thoroughly trained and experienced in the 
necessary crafts and who are completely familiar with the specified requirements and the methods 
needed for proper performance of the work in this section. 
 

E. Codes and Standards - All materials, methods of construction and workmanship shall conform to 
applicable requirements of AASHTO ASTM Standards, NHDOT Standard Specifications for 
Road and Bridge Construction, latest revised (including supplements and updates), or other 
standards as specified. 
 

F. QC/QA requirements for production of mix are discussed in the Materials section, and for 
construction of the porous media beds and paving in the Execution section. 

 
Table 1. Submittal requirements. 

Material or Pavement Course* Properties to be reported on Certificate** 

choker course, reservoir course 
gradation, max. wash loss, min. durability index, max. 
abrasion loss, air voids (reservoir course) 

filter course gradation, permeability/ sat. hydraulic conductivity 
filter blanket gradation 
geotextile filter fabric manufacturer's certification, AOS/EOS, tensile strength 
striping paint certificate 
binder PGAB certification 
coarse aggregate gradation, wear, fracture faces (fractured and elongated) 
fine aggregate gradation, 
silicone manufacturer's certification 
Fibers (optional) manufacturer's certification 
mineral filler (optional) manufacturer's certification 
fatty amines (optional anti-strip) manufacturer's certification 
hydrated lime (optional anti-strip) manufacturer's certification 

* Samples of each material shall be submitted to the Engineer (or QA inspector for mix).  These 
samples must be in sufficient volume to perform the standardized tests for each material. 

 ** At a minimum, more material properties may be required (refer to Materials Section). 
 
 

1.4  PROJECT CONDITIONS  
A. Site Assessment should be performed per the steps outlined in IS 131 (NAPA, 2003). 

 



 

 
Porous Asphalt Pavement and Infiltration Beds Design Specifications  Page-7  

 
University of New Hampshire Stormwater Center –October 2009 

B. Construction Phasing should be performed as outlined in IS 131 (NAPA, 2003). 
 

C. Protection of Existing Improvements 
1.  Protect adjacent work from the unintended dispersal/splashing of pavement materials.  

Remove all stains from exposed surfaces of pavement, structures, and grounds.  Remove 
all waste and spillage.  If necessary, limit access to adjacent work/structures with 
appropriate signage and/or barriers. 

2.  Proper erosion and sediment control practices shall be provided in accordance with 
existing regulations.  Do not damage or disturb existing improvements or vegetation.  
Provide suitable protection where required before starting work and maintain protection 
throughout the course of the work.  This includes the regular, appropriate inspection and 
maintenance of the erosion and sediment control measures. 

3.  Restore damaged areas, including existing pavement on or adjacent to the site that has been 
damaged as a result of construction work, to their original condition or repair as directed to 
the satisfaction of the Engineer at no additional cost. 

D. Safety and Traffic Control 
1.  Notify and cooperate with local authorities and other organizations having jurisdiction 

when construction work will interfere with existing roads and traffic. 
2.  Provide temporary barriers, signs, warning lights, flaggers, and other protections as 

required to assure the safety of persons and vehicles around and within the construction 
area and to organize the smooth flow of traffic. 

E. Weather Limitations 
1.  Porous asphalt, Open graded friction course, or dense-mixed asphalt shall not be placed 

between November 15 and March 15, or when the ambient air temperature at the pavement 
site in the shade away from artificial heat is below 16 °C (60 °F) or when the actual ground 
temperature is below 10 °C (50 °F).  Only the Engineer may adjust the air temperature 
requirement or extend the dates of the pavement season.   

2.  The Contractor shall not pave on days when rain is forecast for the day, unless a change in 
the weather results in favorable conditions as determined by the Engineer. 

1.5 REFERENCES 
 

A. General Porous Asphalt Bituminous Paving and Groundwater Infiltration Beds, specification by 
UNH Stormwater Center, February, 2005. 

B. Design, Construction, and Maintenance Guide for Porous Asphalt Pavements, Information Series 
131, National Asphalt Pavement Association (NAPA), 2003. 

C. Design, Construction, and Maintenance of Open-Graded Friction Courses, Information Series 
115, NAPA, 2002. 

D. Annual Book of ASTM Standards, American Society for Testing and Materials, Philadelphia, PA, 
1997 or latest edition. 

E. Standards of the American Association of State Highway and Transportation Officials 
(AASHTO), 1998 or latest edition. 

F. Section 401- Plant Mix Pavements – General, in Standard Specifications for Road and Bridge 
Construction – State of New Hampshire Department of Transportation, 2006. 

G. Section 02725 - General Porous Pavement and Groundwater Infiltration Beds, specification from 
NAPA Porous Asphalt Seminar handout, Cahill Associates, Inc., 2004. 

H. Correlations of Permeability and Grain Size, Russell G. Shepherd, Groundwater 27 (5), 1989. 
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I. Groundwater, R. Allan Freeze and John A. Cherry, 1979. 
 

PART 2 PRODUCTS  

2.1  MATERIALS 

A. Porous Media Infiltration Beds 
Below the porous asphalt itself are located the porous media infiltration beds (Figure 1), from top to 
bottom: a 4” – 8 “(10 - 20 cm) (minimum) thick layer of choker course of crushed stone (8” is 
preferable to alleviate compaction issues with the porous asphalt); an 8” to 12” (20 cm to 30 cm) 
minimum thickness layer of filter course of poorly graded sand (a.k.a. bankrun gravel or modified 
304.1); 3” (8 cm) minimum thickness filter blanket that is an intermediate setting bed (pea gravel); 
and a reservoir course of crushed stone, thickness dependant on required storage and underlying 
native materials. Alternatively, the pea gravel layer could be thickened and used as the reservoir 
course depending upon subsoil suitability. This alternative simplifies subbase construction.  For lower 
permeability native soils, perforated or slotted drain pipe is located in the stone reservoir course for 
drainage.  This drain pipe can be daylighted to receiving waters or connected into other stormwater 
management infrastructure (wetland, storm sewer, etc.). The fine gradation of the filter course is for 
enhanced filtration and delayed infiltration.  The high air void content of the uniformly graded crushed 
stone reservoir course:  maximizes storage of infiltrated water thereby allowing more time for water to 
infiltrate between storms; and creates a capillary barrier that arrests vertical water movement and in 
doing so prevents winter freeze-thaw and heaving.  The filter blanket is placed to prevent downward 
migration of filter course material into the reservoir course.  The optional underdrain in the reservoir 
course is for hydraulic relief (typically raised off of the bottom of the reservoir stone layer for 
enhanced groundwater recharge).  Nonwoven geotextile filter fabric (geotextile) is used only for 
stabilizing the sloping sides of the porous asphalt system excavation and not to be used on the bottom 
of the system unless needed for structural reasons. 

 
1.  Choker Course  

Material for the choker course and reservoir course shall meet the following: 
 
Maximum Wash Loss of 0.5% 
Minimum Durability Index of 35 
Maximum Abrasion Loss of 10% for 100 revolutions, and maximum of 50% for 500 

revolutions. 
 
Material for the choker course and reservoir course shall have the AASHTO No. 57 and AASHTO No. 3 
gradations, respectively, as specified in   
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Table 2.  If the AASHTO No. 3 gradation cannot be met, AASHTO No. 5 is acceptable with 
approval of the Engineer.  AASHTO no. 3 is also suitable for the choker course. 

 
2.  Filter course material  

Filter course material shall have a hydraulic conductivity (also referred to as coefficient of 
permeability) of 10 to 60 ft/day at 95% standard proctor compaction unless otherwise 
approved by the Engineer. Great care needs to be used to not over compact materials. Over-
compaction results with loss of infiltration capacity. The filter course material is commonly 
referred to as a bankrun gravel (modified NHDOT 304.1). In order to select an appropriate 
gradation, coefficient of permeability may be estimated through an equation that relates 
gradation to permeability, such as described in Correlations of Permeability and Grain Size 
(Shepherd, 1989) or in Section 8.7 Estimation of Saturated Hydraulic Conductivity (Freeze 
and Cherry, 1979).  The hydraulic conductivity should be determined by ASTM D2434 and 
reported to the Engineer.  

 
3.  Filter blanket material  

Filter blanket material between the filter course and the reservoir course shall be an 
intermediate size between the finer filter course above, and the coarser reservoir course below, 
for the purpose of preventing the migration of a fine setting bed into the coarser reservoir 
material. An acceptable gradation shall be calculated based on selected gradations of the filter 
course and reservoir course using criteria outlined in the HEC 11 (Brown and Clyde, 1989). A 
pea-gravel with a median particle diameter of 3/8” (9.5 mm) is commonplace.  

4.  Reservoir Coarse  
Reservoir Coarse thickness is dependent upon the following criteria (that vary from site to 
site): 
 
a. A 4” (10 cm) minimum thickness of reservoir course acts as a capillary barrier for frost 

heave protection.  The reservoir course is located at the interface between subbase and 
native materials.  

 
b. 4-in. (10 cm) minimum thickness if the underlying native materials are either well drained 

(Hydrologic Group A soils). 
 

c. 8-in. (30 cm) minimum thickness if subdrains are installed.  Subdrains insure that the 
subbase is well drained 

 
d. Subdrains, if included, are elevated a minimum of 4” (10 cm) from the reservoir course 

bottom to provide storage and infiltration for the water quality volume. If the system is 
lined ,  

 
e. Subbase thickness is determined from subbase materials having sufficient void space to 

store the design storm,  
 

Example: If the 25-year storm is 5.1” (13 cm) of rainfall depth, and the reservoir 
void space is 30%, then the minimum subbase thickness = 5.1”/0.3 = 17” (43.2 
cm). 
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f. Pavement system and subbase thickness are > 0.65 * design frost depth for area. 
 

 
Example: Durham, New Hampshire, 48” (122 cm) = Dmaximum frost, therefore the 
minimum depth to the bottom of the subbase = 0.65(48”) = 32” (81 cm).  

 
 

 
5.  Optional Bottom Liner 
Bottom Liner is only recommended for aquifer protection or infiltration prevention. This liner is to 
be located at the interface between subbase and native materials and is dependent upon the 
following: 

 
a. As with any infiltration system, care must be taken when siting porous asphalt systems 

close to locations where hazardous materials are handled/trafficked, or where high 
contaminant loading may threaten groundwater, or where infiltration is undesirable (nearby 
foundations, slope stability, etc.). In such cases, the systems can be lined to prevent 
infiltration yet still preserving water quality, hydrograph lag, and peak flow reduction 
benefits. 

 
b. Refer to state or USEPA guidelines regarding the use of infiltration systems (USEPA, 

1999, CalTrans, 2003, WI DNR, 2004, USEPA, 2004) 
 

c. Suitable liners may include Hydrologic Group D soils, HDPE liners, or suitable equivalent. 
Refer to state or USEPA guidelines regarding selection of impermeable liners (USEPA, 
2004).  

 
d. Filter fabrics or geotextile liners are not recommended for use on the bottom of the porous 

asphalt system (at the base of the stone reservoir subbase) if designing for infiltration. 
Filter fabric usage in stormwater filtration has been known to clog prematurely. Graded 
stone filter blankets are recommended instead. 

 
e. Geotextile filter fabrics may be used if designing on poor structural, and low conductivity 

soils. Fabric usage would be limited to the bottom and sides of the excavation. No fabric is 
to be used within the subbase, only on the perimeter. 

 
Figure 1: Typical Parking Area Cross-Section for Pervious Pavement System 



 

 
Porous Asphalt Pavement and Infiltration Beds Design Specifications  Page-11  

 
University of New Hampshire Stormwater Center –October 2009 

` 
  

Choker Course: 4”-8” (10 – 20 cm) minimum 

Pervious pavement: 4-6” (10 - 15 cm) of porous asphalt 

Filter Course: 8” - 12” (20 - 30 cm) minimum thickness of subbase 
(aka. bank run gravel or modified 304.1) 

Native materials

Filter Blanket: intermediate setting bed: 3” (8 cm) thickness of 3/8” (1 cm) pea gravel

Reservoir Course: 4” (10 cm) minimum thickness of 3/4” (2 cm) crushed stone for 
frost protection, 4-6” (10-15 cm) diameter perforated subdrains with 2” cover

Optional-Liner for land uses where infiltration is undesirable  
(e.g., hazardous materials handling, sole-source aquifer protection) 
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Table 2. Gradations and compaction of choker, filter, and reservoir course materials. 

US Standard 
Sieve Size 

 
Inches/mm 

Percent Passing (%) 

Choker Course 
(AASHTO No. 

57) 

Filter Course 
(Modified 

NHDOT 304.1) 

Reservoir 
Course 

(AASHTO No. 
3) 

Reservoir Course 
Alternative* 

(AASHTO No. 
5) 

6/150 - 100 -  
2½/63 -  100 - 
2 /50 -  90 – 100 - 

1½/37.5 100  35 – 70 100 
1/25 95 - 100  0 – 15 90 – 100 
¾/19 -  - 20 - 55 

½/12.5 25 - 60  0 - 5 0 - 10 
3/8/9.5 -  - 0 - 5 
#4/4.75 0 - 10 70-100 -  
#8/2.36 0 - 5  -  

#200/0.075  0 – 6**   
% Compaction 

ASTM D698 / 
AASHTO T99 

95 95 95 95 

 * Alternate gradations (e.g. AASHTO No. 5) may be accepted upon Engineer’s approval. 
 ** Preferably less than 4% fines 
 
        

6.  Non-woven geotextile filter fabric  
Filter fabric is only recommended for the sloping sides of the porous asphalt system excavation. It  
shall be Mirafi 160N, or approved equal and shall conform to the specifications in  
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Table 3.  Mirafi ® 160N is a non-woven geotextile composed of polypropylene fibers, which are 
formed into a stable network such that the fibers retain their relative position. 160N is inert to 
biological degradation and resists naturally encountered chemicals, alkalis, and acids. 
 
7.  Alternative Applications and Residential Driveways.  
The recommendations above are based on a commercial parking application for both traffic and 
contaminant load. Alternative applications such as residential driveways and low use applications 
may justify the use of alternative subbase thicknesses for the porous media beds, filter blanket, and 
geotextiles. Residential driveway applications have been designed with a subbase limited to only 
an 8” compacted choker course. Variations should consider structural load requirements for 
material thickness, and contaminant load for filter course thickness. A reduced total system 
thickness (Section 2.1.3.f) will subject the pavement to greater freeze thaw susceptibility.  
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Table 3. Non-woven geotextile filter fabric properties. 

Mechanical Properties Test Method Unit Minimum Average Roll Values 
MD* CD** 

Grab Tensile Strength ASTM D 4632 kN (lbs) 0.71 (160) 0.71 (160) 
Grab Tensile Elongation ASTM D 4632 % 50 50 
Trapezoid Shear Strength ASTM D 4533 kN (lbs) 0.27 (60) 0.27 (60) 

Mullen Burst Strength ASTM D 3786 kPa (psi) 2100 (305) 2100 (305) 
Puncture Strength ASTM D 4833 kN (lbs) 0.42 (95) 0.42 (95) 

Apparent Opening Size 
(AOS) 

ASTM D 4751 mm (US Sieve) 0.212 (70) 0.212 (70) 

Permittivity ASTM D 4491 sec-1 1.4 1.4 
Permeability ASTM D 4491 cm/sec 0.22 0.22 
Flow Rate ASTM D 4491 lpm/m2 (gpm/ft2) 4,477 (110) 4,477 (110) 

UV Resistance (at 500 
hours) 

ASTM D 4355 % strength retained 70 70 

 
Physical 

Properties Test Method Unit Typical Value 

Weight ASTM D 5261 g/m2 (oz/yd2) 217 (6.4) 
Thickness ASTM D 5199 mm (mils) 1.9 (75) 

Roll dimension 
(width x length) 

 m (ft) 4.5 x 91 (15 x 300) 

Roll area  m2 (yd2) 410 (500) 
Estimated roll 

weight 
 kg (lb) 99 (217) 

*MD - Machine Direction;   **CD - Cross-machine Direction 
 

B. Porous Asphalt Mix 
1.  Mix materials  
Mix materials consist of modified performance grade asphalt binder (PGAB), coarse and fine 
aggregates, and optional additives such as silicone, fibers, mineral fillers, fatty amines, and 
hydrated lime.  Materials shall meet the requirements of the NAPA’s Design, Construction, and 
Maintenance of Open-Graded Friction Courses, Information Series 115 (2002), except where 
noted otherwise below or approved in writing by the Engineer. 

 
2.  Polymer Modified PGAB and Mix Designs.  
The asphalt binder shall be a polymer and/or fiber modified Performance Graded asphalt binder 
(PGAB) used in the production of Superpave Hot Mix Asphalt (HMA) mixtures.  Ideally for 
maximum durability, the PGAB shall be two grades stiffer than that required for dense mix asphalt 
(DMA) parking lot installations, which is often achieved by adding a polymer and/or fiber. Mix 
designs will meet or exceed criteria listed in Table 5 
 
The PGAB polymer modifiers are to be either styrene butadiene rubber (SBR) or styrene 
butadiene styrene (SBS).  SBS is typically reserved for large projects as terminal pre-blending is 
required. SBR is feasible for smaller projects as it can be blended at the plant or terminal blended. 
The quantity of rubber solids in the SBR shall typically be 1.5-3% by weight of the bitumen 
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content of the mix. 
 
The dosage of fiber additives shall be either 0.3 percent cellulose fibers or 0.4 percent mineral 
fibers by total mixture mass. Fibers are a simple addition either manually for a batch plant or 
automated for larger drum plants. The binder shall meet the requirements of AASHTO M320. 
 
The PGAB may be pre-blended or post-blended.  The pre-blended binder can be pre-blended at the 
source or at a terminal.  For post-blended addition, the modifier can either be in-line blended or 
injected into the pugmill at the plant.   
 
The following asphalt mix designs are recommended:   
  
a. PG 64-28 with 5 pounds of fibers per ton of asphalt mix. This mix is recommended for smaller 

projects with lower traffic counts or loading potential. This mix is manageable at common 
batch plants. 

b. Pre-Blended PG 64-28 SBS with 5 pounds of fibers per ton of asphalt mix. This mix is  
recommended for large projects > 1acre where high durability pavements are needed. The SBS 
will be supplied by an approved PGAB supplier holding a Quality Control Plan approved by 
the state DOT.  A Bill of Lading (BOL) will be delivered with each transport of PG 64-28 
SBS. A copy of the BOL will be furnished to the QA inspector at the Plant.   

 
c. Post-Blended PG 64-28 SBR with 5 pounds of fibers per ton of asphalt mix. This mix is  

recommended for projects where high durability pavements are needed. The SBR will be 
supplied by a HMA plant approved to perform in-line blending or blending by injection into 
the pugmill. A Post-Blended SBR Binder Quality Control Plan (Table 4) will be submitted to 
the Engineer for approval at least 10 working days prior to production.  

 
d. Pre-Blended PG 76-22 modified with SBS and 5 pounds of fibers per ton of asphalt mix. This 

mix is recommended for large sites anticipating high wheel load (H-20)  and traffic counts for 
maximum durability. The SBS will be supplied by an approved PGAB supplier holding a 
Quality Control Plan approved by the state DOT.  A Bill of Lading (BOL) will be delivered 
with each transport of PG 76-22 SBS. A copy of the BOL will be furnished to the QA 
inspector at the Plant. 

 
e. Post-Blended PG 76-22 modified with SBR and 5 pounds of fibers per ton of asphalt mix. This 

mix is recommended for large sites anticipating high wheel load (H-20)  and traffic counts for 
maximum durability. The SBR will be supplied by a HMA plant approved to perform in-line 
blending or blending by injection into the pugmill. A Post-Blended SBR Binder Quality 
Control Plan (Table 4) will be submitted to the Engineer for approval at least 10 working days 
prior to production. 

 
f. Quality control plans may be altered at the discretion of the Engineer and based on feasible 

testing as suggested by the asphalt producer. Certain QC testing requirements during 
production may not be feasible for small projects in which limited asphalt is generated. Some 
testing methods cannot be completed during the time needed during small batch (less than 
approximately 50 tons of porous asphalt mix) production. The feasibility should be assessed 
with the Engineer and producer.  
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Table 4. Post-Blended SBR Binder QC Plan requirements. 

 
 

3.  Anti-Stripping Mix Additives.  
The mix shall be tested for moisture susceptibility and asphalt stripping from the aggregate by 
AASHTO T283. If the retained tensile strength (TSR) < 80% upon testing, a heat stable 

The QC Plan will contain: 
1.  Company name and address
2.  Plant location and address
3.  Type of Facility
4.  Contact information for the Quality Control Plan Administrator
5.  QC Tests to be performed on each PGAB
6.  Name(s) of QC Testing Lab to perform QC and Process Control testing.
7.  Actions to be taken for PG Binders and SBR in  Non compliance
8.  List of mechanical controls (requirements below)
9.  List of process controls and documentation (requirements below)

List of Mechanical Controls
1.  Liquid SBR no-flow alert system with an “alert” located in the control room and 
automatic documentation of a no flow situation on the printout
2.  Provide means of calibrating the liquid SBR metering system to a delivery 
tolerance of 1%.
3.  A batching tolerance at the end of each day’s production must be within 0.5% 
of the amount of SBR solids specified.
4.  Mag-flow meter (other metering system may be considered)
5.  Method of sampling liquid SBR

List of Process Controls and Documentation
1.  Printouts of liquid SBR and PG binder quantities must be synchronized within 
one minute of each other
2.  SBR supplier certification showing the percent of SBR solids in liquid SBR
3.  Test results of a lab sample blended with the specified dosage of SBR.  At a 
minimum, provide the name of the PGAB and liquid SBR suppliers, and PGAB 
information such as grade and lot number, and SBR product name used for the 
sample.
4.  MSDS sheet for liquid SBR
5.  Handling, storage, and usage requirements will be followed as required by the 
liquid SBR manufacturer
6.  At a minimum, provide a table showing proposed rate of SBR liquid (L/min.) in 
relation to HMA production rate (tons per hour, TPH) for the % solids in liquid 
SBR, quantity of SBR specified for HMA production, and the specific gravity of 
the SBR.

7.  QCT or QC Plan Administrator must be responsible for documenting quantities, 
ensuring actual use is within tolerance, etc.  All printouts, calculations, supplier 
certifications etc. must be filed and retained as part of the QCTs daily diary/reports.

8.  Method and Frequency of testing at the HMA plant, including initial testing and 
specification testing.
*This Plan shall be submitted to the Engineer 10 days before production.
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additive shall be furnished to improve the anti-stripping properties of the asphalt binder.  Test 
with one freeze-thaw cycle (rather than five recommended in NAPA IS 115).  The amount and 
type of additive (e.g. fatty amines or hydrated lime) to be used shall be based on the 
manufacturer’s recommendations, the mix design test results, and shall be approved by the 
Engineer. 
Silicone shall be added to the binder at the rate of 1.5 mL/m3 (1 oz. per 5000 gal). 
Fibers may be added per manufacturer and NAPA IS 115 recommendation if the draindown 
requirement cannot be met (<0.3% via ASTM D6390) provided that the air void content 
requirement is met (>18%, or >16% as tested with CoreLok device).   
Additives should be added per the relevant DOT specification and NAPA IS 115. 
  

4.  Coarse Aggregate.  
Coarse aggregate shall be that part of the aggregate retained on the No. 8 sieve; it shall consist 
of clean, tough, durable fragments of crushed stone, or crushed gravel of uniform quality 
throughout. Coarse aggregate shall be crushed stone or crushed gravel and shall have a 
percentage of wear as determined by AASHTO T96 of not more than 40 percent. In the 
mixture, at least 75 percent, by mass (weight), of the material coarser than the 4.75 mm (No. 4) 
sieve shall have at least two fractured faces, and 90 percent shall have one or more fractured 
faces (ASTM D5821). Coarse aggregate shall be free from clay balls, organic matter, 
deleterious substances, and a not more than 8.0% of flat or elongated pieces (>3:1) as specified 
in ASTM D4791. 

 
5.  Fine Aggregate.  

The fine aggregate shall be that part of the aggregate mixture passing the No. 8 sieve and shall 
consist of sand, screenings, or combination thereof with uniform quality throughout.  Fine 
aggregate shall consist of durable particles, free from injurious foreign matter.  Screenings 
shall be of the same or similar materials as specified for coarse aggregate.  The plasticity index 
of that part of the fine aggregate passing the No. 40 sieve shall be not more than 6 when tested 
in accordance with AASHTO T90.  Fine aggregate from the total mixture shall meet plasticity 
requirements. 
 

6.  Porous Asphalt Mix Design Criteria.   
The Contractor shall submit a mix design at least 10 working days prior to the beginning of 
production. The Contractor shall make available samples of coarse aggregate, fine aggregate, 
mineral filler, fibers and a sample of the PGAB that will be used in the design of the mixture. 
A certificate of analysis (COA) of the PGAB will be submitted with the mix design. The COA 
will be certified by a laboratory meeting the requirements of AASHTO R18. The Laboratory 
will be certified by the state DOT, regional equivalent (e.g. NETTCP), and/or qualified under 
ASTM D3666. Technicians will be certified by the regional certification agency (e.g. 
NETTCP) in the discipline of HMA Plant Technician. 
 
Bulk specific gravity (SG) used in air void content calculations shall not be determined and 
results will not be accepted using AASHTO T166 (saturated surface dry), since it is not 
intended for open graded specimens (>10% AV).  Bulk SG shall be calculated using AASHTO 
T275 (paraffin wax) or ASTM D6752 (automatic vacuum sealing, e.g. CoreLok).  Air void 
content shall be calculated from the bulk SG and maximum theoretical SG (AASHTO T209) 
using ASTM D3203. 
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The materials shall be combined and graded to meet the composition limits by mass (weight) 
as shown in Table 5. 

 
Table 5:  Porous Asphalt Mix Design Criteria. 

Sieve Size (inch/mm) Percent Passing (%) 
0.75/19 100 

0.50/12.5 85-100 
0.375/9.5 55-75 
No.4/4.75 10-25 
No.8/2.36 5-10 

No.200/0.075 (#200) 2-4 
Binder Content (AASHTO T164) 6 - 6.5% 

Fiber Content by Total Mixture Mass 0.3% cellulose or   
0.4% mineral 

Rubber Solids (SBR) Content by Weight of the 
Bitumen 

1.5-3% or TBD 

Air Void Content  
(ASTM D6752/AASHTO T275) 

16.0-22.0% 

Draindown (ASTM D6390)* < 0.3 % 
Retained Tensile Strength (AASHTO 283)** > 80 % 

Cantabro abrasion test on unaged samples 
(ASTM D7064-04) 

< 20% 

Cantabro abrasion test on 7 day aged samples < 30% 
 
       *Cellulose or mineral fibers may be used to reduce draindown. 

**If the TSR (retained tensile strength) values fall below 80% when tested per NAPA IS 131 
(with a single freeze thaw cycle rather than 5), then in Step 4, the contractor shall employ an 
antistrip additive, such as hydrated lime (ASTM C977) or a fatty amine, to raise the TSR value 
above 80%.  
 

C. Porous Asphalt Mix Production 
 
1.  Mixing Plants.  

Mixing plants shall meet the requirements of hot mix asphalt plants as specified in the state 
DOT or regional equivalent unless otherwise approved by the Engineer (e.g. Section 401- 
Plant Mix Pavements – General for Quality Assurance specifications in the Standard 
Specifications for Road and Bridge Construction – State of New Hampshire DOT, 2006, or 
latest revised edition and including supplemental specifications and updates). 
 

2.  Preparation of Asphalt Binder.  
The asphalt material shall be heated to the temperature specified in the state DOT specification 
(if using a DOT spec for the mix) in a manner that will avoid local overheating.  A continuous 
supply of asphalt material shall be furnished to the mixer at a uniform temperature. 
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3.  Preparation of Aggregates.  

The aggregate for the mixture shall be dried and heated at the mixing plant before being placed 
in the mixer. Flames used for drying and heating shall be properly adjusted to avoid damaging 
the aggregate and depositing soot or unburned fuel on the aggregate. 
 

4.  Mineral filler 
Mineral filler if required to meet the grading requirements, shall be added in a manner 
approved by the Engineer after the aggregates have passed through the dryer. 
 

5.  Mixing.  
The above preparation of aggregates does not apply for drum-mix plants. The dried aggregate 
shall be combined in the mixer in the amount of each fraction of aggregate required to meet 
the job-mix formula and thoroughly mixed prior to adding the asphalt material.  
 
The dried aggregates shall be combined with the asphalt material in such a manner as to 
produce a mixture that when discharged from the pugmill is at a target temperature in the 
range that corresponds to an asphalt binder viscosity of 700 to 900 centistokes and within a 
tolerance of ± 11 °C (± 20 °F).  
 
The asphalt material shall be measured or gauged and introduced into the mixer in the quantity 
determined by the Engineer for the particular material being used and at the temperature 
specified in the relevant specification. 
 
After the required quantity of aggregate and asphalt material has been introduced into the 
mixer, the materials shall be mixed until a complete and uniform coating of the particles and a 
thorough distribution of the asphalt material throughout the aggregate is secured.  The mixing 
time will be regulated by the Engineer. 
 
All plants shall have a positive means of eliminating oversized and foreign material from 
being incorporated into the mixer. 
 

6.  QC/QA During Production 
The Contractor shall provide at Contractors’ expense and the Engineer’s approval a third-party 
QA Inspector to oversee and document mix production.  All mix testing results during 
production should be submitted to the QA Inspector.   
 
The QC plan may be altered at the discretion of the Engineer and based on feasible testing as 
suggested by the asphalt producer. Certain QC testing requirements during production may not 
be feasible for small projects in which limited asphalt is generated. Some testing methods 
cannot be completed during the time needed during small batch production. The feasibility 
should be assessed with the Engineer and producer.  
 
The mixing plant shall employ a Quality Control Technician (QCT).  The QCT will perform 
QC/QA testing and will be certified in the discipline of HMA Plant Technician by the relevant 
certifying agency (e.g. NETTCP in New England). The Contractor shall sample, test and 
evaluate the mix in accordance with the methods and minimum frequencies in Table 6 and the 
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Post-Blended SBR Binder Quality Control Plan (if applicable). 
 

Table 6. QC/QA testing requirements during production. 

 
 
If an analyzed sample is outside the testing tolerances immediate corrective action will be 
taken.  After the corrective action has been taken the resulting mix will be sampled and tested. 
If the re-sampled mix test values are outside the tolerances the Engineer will be immediately 
informed. The Engineer may determine that it is in the best interest of project that production 
is ceased. The Contractor will be responsible for all mix produced for the project. 
 
Testing Tolerances During Production. Testing of the air void content, binder draindown, and 
TSR shall be within the limits set in Table 6.  The paving mixture produced should not vary 
from the design criteria for aggregate gradation and binder content by more than the tolerances 
in Table 7. 
 

Table 7. QC/QA testing tolerances during production. 

 
 

Should the paving mixture produced vary from the designated grading and asphalt content by 
more than the above tolerances, the appropriate production modifications are to be made until 
the porous asphalt mix is within these tolerances. 
 
Samples of the mixture, when tested in accordance with AASHTO T164 and T30, shall not 
vary from the grading proportions of the aggregate and binder content designated by the 
Engineer by more than the respective tolerances specified above and shall be within the limits 
specified for the design gradation.  

 
7.  Plant Shutdown and Rejection of Mix.  

Should the porous asphalt mix not meet the tolerances specified in this section upon repeat 
testing, the Engineer may reject further loads of mix.  Mix that is loaded into trucks during the 

Test Min. Frequency Test Method
Temperature in Truck at Plant 6 times per day

Gradation
greater of either (a) 1 per 500 tons, 
(b) 2 per day, or (c) 3 per job

AASHTO 
T30

Binder Content
greater of either (a) 1 per 500 tons, 
(b) 2 per day, or (c) 3 per job

AASHTO 
T164

Air Void Content
greater of either (a) 1 per 500 tons, 
(b) 2 per day, or (c) 3 per job

ASTM 
D6752

Binder Draindown
greater of either (a) 1 per 500 tons, 
(b) 1 per day, or (c) 1 per job

ASTM 
D6390

Sieve Size (inch/mm) Percent Passing
0.75/19 -
0.50/12.5 ±6.0
0.375/9.5 ±6.0
No.4/4.75 ±5.0
No.8/2.36 ±4.0
No.200/0.075 (#200) ±2.0
%PGAB +0.4, -0.2
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time that the plant is changing operations to comply with a failed test shall not be accepted, 
and should be recycled at the plant. 

 
8.  Striping Paint  

Striping paint shall be latex, water-base emulsion, ready-mixed, and complying with pavement 
marking specifications PS TT-P-1952. 

 

PART 3 EXECUTION 

3.1  INSTALLATION 

A. Porous Media Beds 

Protection of native materials from over compaction is important. Proper compaction of select subbase 
materials is essential. Improper compaction of subbase materials will result in either 1) low pavement 
durability from insufficient compaction, or 2) poor infiltration due to over-compaction of subbase. Care 
must be taken to assure proper compaction as detailed below. 
 

1.  Grade Control 
 

a. Establish and maintain required lines and elevations.  The Engineer shall be notified for 
review and approval of final stake lines for the work before construction work is to begin. 
Finished surfaces shall be true to grade and even, free of roller marks and free of puddle-
forming low spots.  All areas must drain freely. Excavation elevations should be within +/- 
0.1 ft (+/- 3 cm). 

 
b. If, in the opinion of the Engineer, based upon reports of the testing service and inspection, 

the quality of the work is below the standards which have been specified, additional work 
and testing will be required until satisfactory results are obtained. 

 
c. The Engineer shall be notified at least 24 hours prior to all porous media bed and porous 

pavement work.  
 

2.  Subgrade Preparation 
 

a. Native subgrade refers to materials beyond the limit of the excavation. The existing native 
subgrade material under all bed areas shall NOT be compacted or subject to excessive 
construction equipment traffic prior to geotextile and stone bed placement.  Compaction is 
acceptable if an impermeable liner is used at the base of the porous asphalt system and 
infiltration is not desired. 

 
b. Where erosion of the native material subgrade has caused accumulation of fine materials 

and/or surface ponding, this material shall be removed with light equipment and the 
underlying soils scarified to a minimum depth of 6 inches with a York rake or equivalent 
and light tractor. 

 
c. Bring subgrade to line, grade, and elevations indicated.  Fill and lightly regrade any areas 
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damaged by erosion, ponding, or traffic compaction before the placing of the stone 
subbase.  

d. All bed bottoms are as level as feasible to promote uniform infiltration. For pavements 
subbases constructed on grade, soil or fabric barriers should be constructed along equal 
elevation for every 6-12” of grade change to act as internal check dams. This will prevent 
erosion within the subbase on slope. 

 
3.  Porous Media Bed Installation  

 
a. Subbase refers to materials below pavement surface and above native subgrade. Upon 

completion of subgrade work, the Engineer shall be notified and shall inspect at his/her 
discretion before proceeding with the porous media bed installation. 

 
b. Sideslope geotextile and porous media bed aggregate shall be placed immediately after 

approval of subgrade preparation. Any accumulation of debris or sediment which has taken 
place after approval of subgrade shall be removed prior to installation of geotextile at no 
extra cost to the Owner.  

 
c. Place sideslope geotextile in accordance with manufacturer's standards and 

recommendations. Adjacent strips of geotextile shall overlap a minimum of sixteen inches 
(16"). Secure geotextile at least four feet (1.2 m) outside of the bed excavation and take 
any steps necessary to prevent any runoff or sediment from entering the storage bed.  

 
d. Install filter course aggregate in 8-inch maximum lifts to a MAXIMUM of 95% standard 

proctor compaction (ASTM D698 / AASHTO T99). Install aggregate to grades indicated 
on the drawings.  

 
e. Install choker, gravel, and stone base course aggregate to a MAXIMUM of 95% 

compaction standard proctor (ASTM D698 / AASHTO T99). Choker should be placed 
evenly over surface of filter course bed, sufficient to allow placement of pavement, and 
notify Engineer for approval. Choker base course thickness shall be sufficient to allow for 
even placement of the porous asphalt but no less than 4-inches (10 cm) in depth.  

 
f. The density of subbase courses shall be determined by AASHTO T 191 (Sand-Cone 

Method), AASHTO T 204 (Drive Cylinder Method), or AASHTO T 238 (Nuclear 
Methods), or other approved methods at the discretion of the supervising engineer. 

 
g. The infiltration rate of the compacted subbase shall be determined by ASTM D3385 or 

approved alternate at the discretion of the supervising engineer. The infiltration rate shall 
be no less 5-30 ft/day or 50% of the hydraulic conductivity (D2434) at 95% standard 
proctor compaction (refer to section 2.1.A.5). 

 
h. Compaction of subbase course material shall be done with a method and adequate water to 

meet the requirements. Rolling and shaping shall continue until the required density is 
attained. Water shall be uniformly applied over the subbase course materials during 
compaction in the amount necessary for proper consolidation. 
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i. Rolling and shaping patterns shall begin on the lower side and progress to the higher side 
of the subbase course while lapping the roller passes parallel to the centerline. Rolling and 
shaping shall continue until each layer conforms to the required grade and cross-section 
and the surface is smooth and uniform. 

 
j. Following placement of subbase aggregate, the sideslope geotextile shall be folded back 

along all bed edges to protect from sediment washout along bed edges.  At least a four-foot 
edge strip shall be used to protect beds from adjacent bare soil.  This edge strip shall 
remain in place until all bare soils contiguous to beds are stabilized and vegetated. In 
addition, take any other necessary steps to prevent sediment from washing into beds during 
site development.  When the site is fully stabilized, temporary sediment control devices 
shall be removed. 

 

4.  QC/QA requirements for Porous Media Bed Construction. 
QC/QA activities are summarized in Table 8. 

 
   

B. Porous Asphalt Pavement Installation 

 
1.  Mixing Plant 

The mixing plant, hauling and placing equipment, and construction methods shall be in 
conformance with NAPA IS 131 and applicable sections of the state DOT’s specification 
for asphalt mixes. The use of surge bins shall not be permitted. 

 
Table 8. QC/QA requirements for porous media bed construction. 

 
 

2.  Hauling Equipment.  
The open graded mix shall be transported in clean vehicles with tight, smooth dump beds 
that have been sprayed with a non-petroleum release agent or soap solution to prevent the 
mixture from adhering to the dump bodies.  Mineral filler, fine aggregate, slag dust, etc. 

Activity Schedule
Contractor to notify Engineer for 
approval 24 hours in advance of start of work

Contractor to employ soil inspector 
acceptable to Engineer NA

Contractor to employ staking and 
layout control inspector acceptable to 
Engineer

NA

Contractor to employ site grading 
inspector acceptable to Engineer NA

Contractor to employ pavement work 
inspector acceptable to Engineer NA

Contractor to notify Engineer for 
approval

after subgrade preparation, before 
construction of porous media bed

Contractor to notify Engineer for 
approval

after choker course placed, before 
placement of pavement
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shall not be used to dust truck beds.  The open graded mix shall be covered during 
transportation with a suitable material of such size sufficient to protect the mix from the 
weather and also minimize mix cooling and the prevention of lumps.  When necessary, to 
ensure the delivery of material at the specified temperature, truck bodies shall be insulated, 
and covers shall be securely fastened.  Long hauls, particularly those in excess of 25 miles 
(40 km), may result in separation of the mix and its rejection. 

 
3.  Placing Equipment.   

The paver shall be a self-propelled unit with an activated screed or strike-off assembly, 
capable of being heated if necessary, and capable of spreading and finishing the mixture 
without segregation for the widths and thicknesses required.  In general, track pavers have 
proved superior for Porous Asphalt placement.  The screed shall be adjustable to provide 
the desired cross-sectional shape.  The finished surface shall be of uniform texture and 
evenness and shall not show any indication of tearing, shoving, or pulling of the mixture.  
The machine shall, at all times, be in good mechanical condition and shall be operated by 
competent personnel.  
 
Pavers shall be equipped with the necessary attachments, designed to operate 
electronically, for controlling the grade of the finished surface.  
 
The adjustments and attachments of the paver will be checked and approved by the 
Engineer before placement of asphalt material.  
 
Pavers shall be equipped with a sloped plate to produce a tapered edge at longitudinal 
joints.  The sloped plate shall be attached to the paver screed extension.   
 
The sloped plate shall produce a tapered edge having a face slope of 1:3 (vertical: 
horizontal).  The plate shall be so constructed as to accommodate compacted mat thickness 
from 35 to 100 mm (1 1/4 to 4 inches).  The bottom of the sloped plate shall be mounted 
10 to 15 mm (3/8 to 1/2 inch) above the existing pavement.  The plate shall be 
interchangeable on either side of the screed.  
 
Pavers shall also be equipped with a joint heater capable of heating the longitudinal edge 
of the previously placed mat to a surface temperature of 95 °C (200 °F), or higher if 
necessary, to achieve bonding of the newly placed mat with the previously placed mat.  
This shall be done without undue breaking or fracturing of aggregate at the interface. The 
surface temperature shall be measured immediately behind the joint heater. The joint 
heater shall be equipped with automated controls that shut off the burners when the 
pavement machine stops and reignite them with the forward movement of the paver.  The 
joint heater shall heat the entire area of the previously placed wedge to the required 
temperature.  Heating shall immediately precede placement of the asphalt material. 

 
4.  Rollers.  

Rollers shall be in good mechanical condition, operated by competent personnel, capable 
of reversing without backlash, and operated at speeds slow enough to avoid displacement 
of the asphalt mixture.  The mass (weight) of the rollers shall be sufficient to compact the 
mixture to the required density without crushing of the aggregate.  Rollers shall be 
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equipped with tanks and sprinkling bars for wetting the rolls.  
  

Rollers shall be two-axle tandem rollers with a gross mass (weight) of not less than 7 
metric tons (8 tons) and not more than 10 metric tons (12 tons) and shall be capable of 
providing a minimum compactive effort of 44 kN/m (250 pounds per inch) of width of the 
drive roll.  All rolls shall be at least 1 m (42 inches) in diameter.  
 
A rubber tired roller will not be required on the open graded asphalt friction course surface.  

 
5.  Conditioning of Existing Surface.  

Contact surfaces such as curbing, gutters, and manholes shall be painted with a thin, 
uniform coat of Type RS-1 emulsified asphalt immediately before the asphalt mixture is 
placed against them.  

 
6.  Temperature Requirements.   

The temperature of the asphalt mixture, at the time of discharge from the haul vehicle and 
at the paver, shall be between 135-163°C (275 to 325°F), within 6 °C (10 °F) of the 
compaction temperature for the approved mix design. 

 
7.  Spreading and Finishing.  

The Porous Asphalt shall be placed either in a single application  
at 4 inches (10 cm) thick or in two lifts.  If more than one lift is used, great care must be 
taken to insure that the porous asphalt layer join completely.  This means:  keeping the 
time between layer placements minimal; keeping the first layer clear from dust and 
moisture, and minimizing traffic on the first layer. 
 
The Contractor shall protect all exposed surfaces that are not to be treated from damage 
during all phases of the pavement operation.  

 
The asphalt mixture shall be spread and finished with the specified equipment.  The 
mixture shall be struck off in a uniform layer to the full width required and of such depth 
that each course, when compacted, has the required thickness and conforms to the grade 
and elevation specified.  Pavers shall be used to distribute the mixture over the entire width 
or over such partial width as practical. On areas where irregularities or unavoidable 
obstacles make the use of mechanical spreading and finishing equipment impractical, the 
mixture shall be spread and raked by hand tools.  
 
No material shall be produced so late in the day as to prohibit the completion of spreading 
and compaction of the mixture during daylight hours, unless night paving has been 
approved for the project.  
 
No traffic will be permitted on material placed until the material has been thoroughly 
compacted and has been permitted to cool to below 38 °C (100 °F). The use of water to 
cool the pavement is not permitted. The Engineer reserves the right to require that all work 
adjacent to the pavement, such as guardrail, cleanup, and turf establishment, is completed 
prior to placing the wearing course when this work could cause damage to the pavement. 
On projects where traffic is to be maintained, the Contractor shall schedule daily pavement 
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operations so that at the end of each working day all travel lanes of the roadway on which 
work is being performed are paved to the same limits. Suitable aprons to transition 
approaches, where required, shall be placed at side road intersections and driveways as 
directed by the Engineer.  

 
8.  Compaction.  

Immediately after the asphalt mixture has been spread, struck off, and surface irregularities 
adjusted, it shall be thoroughly and uniformly compacted by rolling.  The compaction 
objective is 16% - 19% in place void content (Corelock). 
 
Breakdown rolling shall occur when the mix temperature is between 135-163°C (275 to 
325°F). 
 
Intermediate rolling shall occur when the mix temperature is between 93-135°C (200 to 
275°F). 
 
Finish rolling shall occur when the mix temperature is between 66-93°C (150 to 200°F). 
 
The cessation temperature occurs at approximately 79°C (175°F), at which point the mix 
becomes resistant to compaction. If compaction has not been done at temperatures greater 
than the cessation temperature, the pavement will not achieve adequate durability. 
 
The surface shall be rolled when the mixture is in the proper condition and when the 
rolling does not cause undue displacement, cracking, or shoving.  
 
Rollers or oscillating vibratory rollers, ranging from 8-12 tons, shall be used for 
compaction.   The number, mass (weight), and type of rollers furnished shall be sufficient 
to obtain the required compaction while the mixture is in a workable condition.  Generally, 
one breakdown roller will be needed for each paver used in the spreading operation.  
 
To prevent adhesion of the mixture to the rolls, rolls shall be kept moist with water or 
water mixed with very small quantities of detergent or other approved material.  Excess 
liquid will not be permitted. 
 
Along forms, curbs, headers, walls, and other places not accessible to the rollers, the 
mixture shall be thoroughly compacted with hot or lightly oiled hand tampers, smoothing 
irons or with mechanical tampers.  On depressed areas, either a trench roller or cleated 
compression strips may be used under the roller to transmit compression to the depressed 
area.  
 
Other combinations of rollers and/or methods of compacting may be used if approved in 
writing by the Engineer, provided the compaction requirements are met.  
 
Unless otherwise specified, the longitudinal joints shall be rolled first.  Next, the 
Contractor shall begin rolling at the low side of the pavement and shall proceed towards 
the center or high side with lapped rollings parallel to the centerline. The speed of the 
roller shall be slow and uniform to avoid displacement of the mixture, and the roller should 
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be kept in as continuous operation as practical. Rolling shall continue until all roller marks 
and ridges have been eliminated.  
 
Rollers will not be stopped or parked on the freshly placed mat.   
 
It shall be the responsibility of the Contractor to conduct whatever process control the 
Contractor deems necessary.  Acceptance testing will be conducted by the Engineer using 
cores provided by the Contractor.  

 
Any mixture that becomes loose and broken, mixed with dirt, or is in any way defective 
shall be removed and replaced with fresh hot mixture.  The mixture shall be compacted to 
conform to the surrounding area.  Any area showing an excess or deficiency of binder shall 
be removed and replaced.  These replacements shall be at the Contractor’s expense.  
 
If the Engineer determines that unsatisfactory compaction or surface distortion is being 
obtained or damage to highway components and/or adjacent property is occurring using 
vibratory compaction equipment, the Contractor shall immediately cease using this 
equipment and proceed with the work in accordance with the fifth paragraph of this 
subsection.  
 
 The Contractor assumes full responsibility for the cost of repairing all damages that 
may occur to roadway or parking lot components and adjacent property if vibratory 
compaction equipment is used. After final rolling, no vehicular traffic of any kind shall be 
permitted on the surface until cooling and hardening has taken place, and in no case within 
the first 48 hours.  For small batch jobs, curing can be considered to have occurred after 
the surface temperature is less than 100 ºF (38 ºC).  Curing time is preferably one week, or 
until the entire surface temperature cools below 100 ºF (38 ºC).  Provide barriers as 
necessary at no extra cost to the Owner to prevent vehicular use; remove at the discretion 
of the Engineer. 
 

9.  Joints.  
Joints between old and new pavements or between successive day’s work shall be made to 
ensure a thorough and continuous bond between the old and new mixtures.  Whenever the 
spreading process is interrupted long enough for the mixture to attain its initial stability, 
the paver shall be removed from the mat and a joint constructed.  
 
Butt joints shall be formed by cutting the pavement in a vertical plane at right angles to the 
centerline, at locations approved by the Engineer.  The Engineer will determine locations 
by using a straightedge at least 4.9 m (16 feet) long. The butt joint shall be thoroughly 
coated with Type RS-1 emulsified asphalt just prior to depositing the pavement mixture 
when pavement resumes.  
 
Tapered joints shall be formed by tapering the last 450 to 600 mm (18 to 24 inches) of the 
course being laid to match the lower surface.  Care shall be taken in raking out and 
discarding the coarser aggregate at the low end of the taper, and in rolling the taper. The 
taper area shall be thoroughly coated with Type RS-1 emulsified asphalt just prior to 
resuming pavement.  As the paver places new mixture on the taper area, an evenly 
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graduated deposit of mixture shall complement the previously made taper.  Shovels may be 
used to add additional mixture if necessary. The joint shall be smoothed with a rake, coarse 
material discarded, and properly rolled.  

 
Longitudinal joints that have become cold shall be coated with Type RS-1 emulsified 
asphalt before the adjacent mat is placed. If directed by the Engineer, joints shall be cut 
back to a clean vertical edge prior to applying the emulsion.  

 
10.  Surface Tolerances.  

The surface will be tested by the Engineer using a straightedge at least 4.9 m (16 feet) in 
length at selected locations parallel with the centerline.  Any variations exceeding 3 mm 
(1/8 inch) between any two contact points shall be satisfactorily eliminated.  A 
straightedge at least 3 m (10 feet) in length may be used on a vertical curve.  The 
straightedges shall be provided by the Contractor. 
 
Work shall be done expertly throughout, without staining or injury to other work. 
Transition to adjacent impervious asphalt pavement shall be merged neatly with flush, 
clean line.  Finished pavement shall be even, without pockets, and graded to elevations 
shown on drawing.  
 
Porous pavement beds shall not be used for equipment or materials storage during 
construction, and under no circumstances shall vehicles be allowed to deposit soil on 
paved porous surfaces.  
 

11.  Repair of Damaged Pavement.  
 Any existing pavement on or adjacent to the site that has been damaged as a result of 
construction work shall be repaired to the satisfaction of the Engineer without additional 
cost to the Owner. 
  

12.  Striping Paint 
  

Vacuum and clean surface to eliminate loose material and dust.  
 
Paint 4 inch wide parking striping and traffic lane striping in accordance with layouts of 
plan.  Apply paint with mechanical equipment to produce uniform straight edges. Apply in 
two coats at manufacturer's recommended rates.  Provide clear, sharp lines using white 
traffic paint 
 
Color for Handicapped Markings: Blue 
 

 

C. QC/QA for Paving Operations 

 
1. The full permeability of the pavement surface shall be tested by application of clean water at 

the rate of at least 5 gpm (23 lpm) over the surface, using a hose or other distribution devise. 
Water used for the test shall be clean, free of suspended solids and deleterious liquids and will 



 

 
Porous Asphalt Pavement and Infiltration Beds Design Specifications  Page-29  

 
University of New Hampshire Stormwater Center –October 2009 

be provided at no extra cost to the Owner.  All applied water shall infiltrate directly without 
large puddle formation or surface runoff, and shall be observed by the Engineer. 

2. Testing and Inspection: Employ at Contractor's expense an inspection firm acceptable to the 
Engineer to perform soil inspection services, staking and layout control, and testing and 
inspection of site grading and pavement work. Inspection and list of tests shall be reviewed 
and approved in writing by the Engineer prior to starting construction.  All test reports must be 
signed by a licensed Engineer. 

3. Test in-place base and surface course for compliance with requirements for thickness and 
surface smoothness.  Repair or remove and replace unacceptable work as directed by the 
Engineer.  

4. Surface Smoothness:  Test finished surface for smoothness using a 10 foot straightedge 
applied parallel with and at right angles to the centerline of the paved area. Surface will not be 
accepted if gaps or ridges exceed 3/16 of an inch. 

5. QC/QA requirements during paving are summarized in Error! Reference source not found.. 
  

Table 9. QC/QA requirements during paving. 

 
 
 
 

PART 4.  REFERENCES 
 
CalTrans, January 2003, California Stormwater BMP Handbook 3 of 8 New Development and 

Redevelopment, California Dept. of Transportation, Sacramento, CA 
www.cabmphandbooks.com 

 
USEPA, September, 1999, Storm Water Technology Fact Sheet: Infiltration Drainfields, Number:  

832F99018  USEPA, Office of Water, Washington, DC 
http://www.epa.gov/npdes/pubs/infltdrn.pdf 

 
USEPA, September 2004, Stormwater Best Management Design Guide:  Volume 1 General 

Considerations, Office of Research and Development, EPA/600/R-04/121, Washington, 
D.C. 

 
Vermont Agency of Transportation, 2006, 2006 Standard Specifications for Construction Book, 

Division 700, Section 708, Montpelier, VT.  

Activity Schedule/ 
Frequency Tolerance

Inspect truck beds for pooling (draindown) every truck NA

Take surface temp. behind joint heater each pull 6°C (10°F) of 
compaction temp

Consult with Engineer to determine locations 
of butt joints as needed NA

Test surface smoothness & positive drainage 
with a 10 ft straightedge

after 
compaction 4.5 mm (3/16")

Consult with Engineer to mark core locations 
for QA testing

after 
compaction NA

Hose test with at least 5 gpm water after 
compaction

immediate infiltation, 
no puddling
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http://www.aot.state.vt.us/conadmin/2006StandardSpecs.htm 
 
Wisconsin Department of Natural Resources, Feb. 2004, Site Evaluation for Stormwater 

Infiltration(1002), Wisconsin Department of Natural Resources Conservation Practice 
Standards Madison, WI 
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Provincetown HarborProvincetown Harbor
Stormwater Mitigation ProjectStormwater Mitigation Project
Funded through the American Recovery and Reinvestment Act,Funded through the American Recovery and Reinvestment Act,

604(b) Water Quality Management Planning Program604(b) Water Quality Management Planning Program

Board of Selectmen MeetingBoard of Selectmen Meeting
December 13, 2010December 13, 2010

Russell Kleekamp, Project Manager, GHD Inc.Russell Kleekamp, Project Manager, GHD Inc.
Robert Roseen, The UNH Stormwater Center, Director, D.WRE., P.E.Robert Roseen, The UNH Stormwater Center, Director, D.WRE., P.E., Ph.D.,, Ph.D.,

Thomas Ballestero, UNHSC, Senior Scientist, P.E., Ph.D., PH, CGWThomas Ballestero, UNHSC, Senior Scientist, P.E., Ph.D., PH, CGWP, PGP, PG

Town contact for this project:Town contact for this project:
Sandra M. Turner, DPW Deputy DirectorSandra M. Turner, DPW Deputy Director

11



Project ObjectiveProject Objective

The project was funded for the 50% designThe project was funded for the 50% design
for the reconstruction of Commercialfor the reconstruction of Commercial
Street from Atlantic Avenue to the WestStreet from Atlantic Avenue to the West
End Lot using porous pavement.End Lot using porous pavement.

The goal of this presentation is to provideThe goal of this presentation is to provide
a background on the project and providea background on the project and provide
results of the studies and analysisresults of the studies and analysis
performed to date in addition to a conceptperformed to date in addition to a concept
design.design.

22



Dedicated to the protection of water resources through
effective stormwater management

• Research and development of stormwater treatment systems

• To provide resources to stormwater communities currently involved in
design and implementation of Phase II requirements

Gregg Hall 35 Colovos Road Durham, New Hampshire 03824-3534
603.862.4024 http://www.unhsc.unh.edu



44

UNH Stormwater CenterUNH Stormwater Center

scientists engineers educators





POROUS PAVEMENTSPOROUS PAVEMENTS

HISTORYHISTORY

HYDROLOGIC PERFORMANCEHYDROLOGIC PERFORMANCE

WATER QUALITYWATER QUALITY

WINTER MAINTENANCEWINTER MAINTENANCE

ROUTINE MAINTENANCEROUTINE MAINTENANCE

REPAIRS AND REPLACEMENTREPAIRS AND REPLACEMENT

66



77

Porous Asphalt Path, Grey Towers
National Historic Site, PA
(Source: CH2M HILL)

Porous Asphalt Commercial Parking Lot,
Greenland Meadows, Greenland, NH
(Source: UNHSC)

Porous Asphalt Section of State Highway,
South Portland, ME (Source: ME DOT)

Porous Asphalt Basketball Court,
Upper Darby, PA
(Source: CH2M HILL)

Porous Asphalt Residential Lane, Pelham, NH
(Source: UNHSC)

Parking Lot with Standard Aisle and
Porous Asphalt Stalls, Morris Arboretum,
Philadelphia, PA (Source: CH2M HILL)
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Hydraulic Performance ofHydraulic Performance of
Porous Pavements Dependent on SoilsPorous Pavements Dependent on Soils

Pervious Concrete (HSGPervious Concrete (HSG--BB))Porous Asphalt (HSGPorous Asphalt (HSG--C)C)



Retention Pond
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Contaminant Removal Performance EfficienciesContaminant Removal Performance Efficiencies

45 mg/L 0.86 mg/L 0.05 mg/L 0.09 mg/L0.3 mg/L
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Porous Asphalt Surface Infiltration RatesPorous Asphalt Surface Infiltration Rates

Low maintenance sensitivity due to excess infiltration capacityLow maintenance sensitivity due to excess infiltration capacity
Clogged areas can drain to adjacent unclogged areasClogged areas can drain to adjacent unclogged areas

Even with 99% clogging the IR=10
in/hr > most sands & soils

Worst case scenario, no maintenanceWorst case scenario, no maintenance performed forperformed for 3 yrs3 yrs
Certain areas have reduced IC (drive lanes) while parking areasCertain areas have reduced IC (drive lanes) while parking areas
remain unchangedremain unchanged
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Porous Asphalt Frost PenetrationPorous Asphalt Frost Penetration
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Routine MaintenanceRoutine Maintenance
Vacuum required as
necessary 2-20 times per
year
Use direct vacuum or
regenerative air
Pressure wash as needed
to clean clogged areas
Preventing run-on is a key
to extending the life of
permeable surfaces.
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Repairs and ReplacementRepairs and Replacement

Damage can occur to PA from nonDamage can occur to PA from non--designdesign
loadsloads

Repairs may be needed from cuts for utilitiesRepairs may be needed from cuts for utilities

Repairs can be made with standard HMA forRepairs can be made with standard HMA for
most damages up to 15% of surface areamost damages up to 15% of surface area

PA can be repaired by heating and rerollingPA can be repaired by heating and rerolling
at $2000/day at approximately 500at $2000/day at approximately 500’’ of trenchof trench

When pavement reaches end of life, it isWhen pavement reaches end of life, it is
replaced by milling to choker coarse.replaced by milling to choker coarse.

1414March 25, 2010March 25, 2010



Used for repairsUsed for repairs
around manholes,around manholes,
catch basins, and forcatch basins, and for
reworking roughreworking rough
pavement areaspavement areas

Asphalt in the repairAsphalt in the repair
area can be raked andarea can be raked and
rolled back into placerolled back into place
and additional hot mixand additional hot mix
can be added whencan be added when

Repairs cost ~$2000Repairs cost ~$2000

1515March 25, 2010March 25, 2010



PROPOSED DESIGNPROPOSED DESIGN

1616



Proposed DesignProposed Design
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Infiltration Trench



Native MaterialsNative Materials
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LinerLiner
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GROUNDWATER RESPONSE TOGROUNDWATER RESPONSE TO
COMMERCIAL STREET POROUSCOMMERCIAL STREET POROUS
ASPHALT RECHARGEASPHALT RECHARGE



Mounding under recharge basinsMounding under recharge basins

Commercial Street



Symmetric moundSymmetric mound

4 ft

Porous Asphalt

Stone

24 ft



100100--Year Storm DepthsYear Storm Depths

Common stormwater design (one inch)Common stormwater design (one inch)

Duration Intensity
(in/hr)

Total Depth
(in)

5 min 7.3 0.61
10 min 6.2 1.03
30 min 3.8 1.9
1 hour 2.7 2.7
2 hour 1.8 3.6
4 hour 1.3 5.2
10 hour 0.6 6.0
1 day 0.3 7.2







Typical depths to groundwaterTypical depths to groundwater
Boring ID Depth to Water (ft)

B1 13.5
B2 15.0
B3 13.0
B4 5.0
B5 4.0
B6 5.0
B7 6.0
B8 7.0
B9 6.0

B10 7.0
B11 10.0
B12 6.0

Average 8.1
Max 15.0
Min 4.0



Example Sites in theExample Sites in the
NortheastNortheast



Maine Mall, Long Creek WatershedMaine Mall, Long Creek Watershed
S. Portland, MES. Portland, ME

SurfaceSurface
Transportation ARRATransportation ARRA
ProjectProject

First DOT PA road inFirst DOT PA road in
the northeastthe northeast--Sept 09Sept 09

1,500 feet of Highway1,500 feet of Highway
ReconstructionReconstruction

20,000 vehicles per20,000 vehicles per
dayday



Maine MallMaine Mall
Significant that DOT isSignificant that DOT is
even considering iteven considering it

DOT involvement in PA isDOT involvement in PA is
crucial for successcrucial for success

Rockstar MixRockstar Mix

PG76PG76--24SBS with24SBS with
FibersFibers

High durabilityHigh durability

RDA/TMDL was essentialRDA/TMDL was essential



NATIONAL COSTING DATANATIONAL COSTING DATA

PORTLAND, OREGON CSO CONTROLSPORTLAND, OREGON CSO CONTROLS

KANSAS CITY, MISSOURI CSO CONTROLSKANSAS CITY, MISSOURI CSO CONTROLS

GREENLAND MEADOWS COMMERCIAL RETAILGREENLAND MEADOWS COMMERCIAL RETAIL

PELHAM, NH RESIDENTIAL DEVELOPMENTPELHAM, NH RESIDENTIAL DEVELOPMENT

3030
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Questions?Questions?



3232

Cost InformationCost Information

~10-20% more for materials

2009, DMA $75-100/ton, PA $89-125/ton placed
by machine for parking and residential road and
driveways

Complicated jobs with handwork are more
expensive

DMA $2.25/sf, PA $2.80/sf, not including
subbase

Costs offset by lack of stormwater infrastructure

Cost break even is achieved when designing for
quantity management ~Q10-Q25



Portland, OregonPortland, Oregon
GOALS OF WWF Control ProgramGOALS OF WWF Control Program

Capturing and detaining stormwater runoff as close to theCapturing and detaining stormwater runoff as close to the
source as possible;source as possible;

Reducing the volume of stormwater entering theReducing the volume of stormwater entering the
combined sewer system;combined sewer system;

Filtering stormwater to remove pollutants before the runoffFiltering stormwater to remove pollutants before the runoff
enters groundwater, streams, or wetlands;enters groundwater, streams, or wetlands;

Using techniques that are less costly than traditionalUsing techniques that are less costly than traditional
piped solutions.piped solutions.



Tabor to the River:Tabor to the River:
Brooklyn Creek ProjectBrooklyn Creek Project

Program sought to rectify CSO, street andProgram sought to rectify CSO, street and
basement floodingbasement flooding

The original cost estimate using grayThe original cost estimate using gray
infrastructure was $144 million (2009 dollars).infrastructure was $144 million (2009 dollars).

GrayGray--Green design including a total of $11Green design including a total of $11
million allocated for green solutions, the costmillion allocated for green solutions, the cost
estimate for this integrated approach was $81estimate for this integrated approach was $81
million, a savings of $63 million for the citymillion, a savings of $63 million for the city

Annual O&M costs avoidance to pump andAnnual O&M costs avoidance to pump and
convey stormwater through the existingconvey stormwater through the existing
combined sewer systemcombined sewer system------measured bymeasured by
applying a rate of $0.0001 per gallon treatedapplying a rate of $0.0001 per gallon treated
and $0.0001 per gallon pumped.and $0.0001 per gallon pumped.





Kansas City, Missouri:Kansas City, Missouri:
Gray & Green InfrastructureGray & Green Infrastructure

National Demonstration Project EPANational Demonstration Project EPA
KC needs to meet EPA CSO requirementsKC needs to meet EPA CSO requirements
Gray infrastructure (separate, store, and treat) cost ~$6Gray infrastructure (separate, store, and treat) cost ~$6
billionbillion
Using 100 acre subwatershed as test siteUsing 100 acre subwatershed as test site
$54 million gray infrastructure at $18/gal.$54 million gray infrastructure at $18/gal.
$35 million of green and gray combination$35 million of green and gray combination
Will reduce overflows to 6X per year and eliminate needWill reduce overflows to 6X per year and eliminate need
for storagefor storage
Will provide distributed storage of 3.5 million gallonsWill provide distributed storage of 3.5 million gallons



Green solutions considered
included:
•catch basin retrofits
•curb extension swales
•pervious pavement
•street trees
•green roofs
•stormwater planters



Unit Costs for GIUnit Costs for GI



Greenland Meadows CommercialGreenland Meadows Commercial

““GoldGold--StarStar”” CommercialCommercial
DevelopmentDevelopment

Cost of doing business nearCost of doing business near
Impaired Waters/303DImpaired Waters/303D

Saved $930,000 on total cost ofSaved $930,000 on total cost of
SWM (26%), on drainage, andSWM (26%), on drainage, and
MTDMTD

Brownfields site, ideal location,Brownfields site, ideal location,
15yrs15yrs

Proposed site >10,000 AverageProposed site >10,000 Average
Daily Traffic count on >30 acresDaily Traffic count on >30 acres



28 ac site, initially >95% impervious, now <10%EIC, with all drainage through filtration, expected to have minimal
WQ impact except thermal and chloride

4/13/20114/13/2011 4040



Comparison of Unit CostsComparison of Unit Costs





Boulder Hills, Pelham, NHBoulder Hills, Pelham, NH
2009 Installation of 9002009 Installation of 900’’ of firstof first
PA private residential road inPA private residential road in
NortheastNortheast

Site will be nearly ZeroSite will be nearly Zero
dischargedischarge

LID subdivision 55+ ActiveLID subdivision 55+ Active
Adult CommunityAdult Community

Large sand depositLarge sand deposit

Cost 25% greater per tonCost 25% greater per ton
installedinstalled

4/13/20114/13/2011 4343



Conventional Site
Design

LID Design



Built on 9% gradeBuilt on 9% grade

Avoided use of 1616Avoided use of 1616’’ of curbing,  785of curbing,  785’’ pipe, 8pipe, 8
catchcatch--basins, 2 detention basins, 2 outlet controlbasins, 2 detention basins, 2 outlet control
structuresstructures

1.3 acres less of land clearing1.3 acres less of land clearing

Conventional SWM=$789,500 vs LIDConventional SWM=$789,500 vs LID
SWM=$740,300, $49,000 savings (6.2%)SWM=$740,300, $49,000 savings (6.2%)



Comparison of Unit CostsComparison of Unit Costs

6% savings on total cost of SW infrastructure for a ~zero discharge site
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 TOWN OF PROVINCETOWN - BOARD OF SELECTMEN 
 

REGULAR MEETING – DECEMBER 13, 2010    6 PM 
 

TOWN HALL – JUDGE WESH ROOM 
 
Chairman Michele Couture convened the meeting at 6:00 PM noting the following Board of 
Selectmen attending: Michele Couture, David Bedard, Austin Knight, and Elaine Anderson  
 

Excused Absence:  John Santos 
 

Other attendees: Town Manager Sharon Lynn, Assistant Town Manager David Gardner 
 

Recorder: Vernon G. Porter 
 
1A HOUSING UPDATE – COMMUNITY DEVELOPMENT COALITION 

Elizabeth Bridgewater, Exec. Director, CDC and Housing Rehab Program Manager Wendy 
Palliser 

 

Affordable Housing Rehab Program.  Opening up 4 years of the rehab programs serving up to 
68 households and $1.86 million in Provincetown and Wellfleet.  Provincetown will not be 
included in the grant next year based on limitations from CDBG.  Focus is on Provincetown 
during the current fiscal years program. Word of mouth has worked to increase the interest 
amongst Provincetown homeowners. 
 

Light to moderated rehab loan grants are available to for homeowners.  Interested people may 
contact Wendy at 508-240-7873 x13. 
 

1B PROVINCETOWN HARBOR STORMWATER MITIGATION PROJECT 
 

Sandra Turner, DPW Deputy Director; Russell Kleekamp, Project Manager, GHD Inc., dba 
Stearns & Wheler; Robert Roseen, The UNH (University of New Hampshire) Stormwater 
Center, Director, D.WRE., P.E., Ph/D., Thomas Ballestero,  and UNHSC, Senior Scientist, P.P., 
Ph.D. PH, CGWP, PG 

Presentation, discussion & update on stormwater mitigation projects. 
 

The University of New Hampshire Stormwater Center act as a “consumer reports” of porous 
pavements and have studied the effectiveness of this paving method extensively, including 
saturation rates, pavement mix formulas, paving methods, etc. Porous paving allows 
Provincetown to deal with storm water management at the same time that we achieve 
Commercial Street repaving.   DEP 604b grant awarded for %50 design allowed us to initiate 
design drawings from Atlantic Ave to West End Parking Lot.   Town was recently awarded a 
$1 million PWED Grant for the final design and construction for the repaving of Commercial 
Street from Johnson St to Atlantic.  The likely reason we were finally awarded the grant was 
because our grant application not only included the economic benefits of repaving, but more 
importantly, the water quality benefits of stormwater management throughout the downtown 
area.  Repaving project will include curb and sidewalks.  The project is expected to start in the 
spring of 2012.  Much coordination will be necessary with adjacent property owners and 
businesses because of the constraints along Commercial Street.  The stormwater project will 
seek to address many existing ponding and private property flooding situations.  The existing 
storm drain systems will not be removed immediately until it is clear that they are no longer 
needed. 
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2. PUBLIC STATEMENTS   
  

 Barbara Rushmore - Hopes that her article passes the legislature. Delighted to hear about the 
$1 million dollar grant, and is grateful to Sandy Turner for her work. Spoke on the water level 
at her home, and wants to warn the engineers that the water run off comes from Bradford 
Street and beyond, at least on the East end.   

 

 Jim Turner – Representing the owners of 4 Conwell Street, expressed continued 
encroachment by owners at 6 Conwell Street causing traffic problems on Railroad Avenue 
which results in property damage.  

  
3. SELECTMEN STATEMENTS 

  

Austin Knight - None 
 
David Bedard – Would like to see the Cape Cod Commissions Traffic Engineering report on 
Railroad Ave.    Wish everyone Happy Holidays. 
 
 

Elaine Anderson –   Wish everyone Happy Holiday and see you in 2011.  
 

Michele Couture - Can we have an update on the traffic study on Railroad Ave.? 
 
4. APPOINTMENTS  
 

MOTION: Move that the Board of Selectmen vote to reappointment the following Board and 
Committee members to an additional three-year term, to expire December 31, 2013, on their 
respective Boards and Committees, as follows:  
 
Airport Commission  Jeff Jaran   Regular 
Art Commission  Stephen Borkowski  Regular 
    Georgia Coxe   Regular 
    Erna Partoll   Regular 
    John Dowd   Alternate 
Board of Assessors  Robert Sanborn  Regular 
    Patricia DeLuca  Regular 
Council on Aging  David Ketchum  Regular 
    Daniel Lynch   Regular 
    Char Priolo   Regular 
Cultural Council  Judith Cicero   Regular 
    Frank Vasello  Regular 
John Anderson Francis  
Family Sch. Com.  Mary Ann Cabral  Regular 
    Eleanora Irving  Regular 
Licensing Board  G. Stephen Young  Regular 
    Kristin Hatch   Regular 
Personnel Board  Scott Powell   Regular 
    Lisa Westervelt  Regular 
Planning Board  Marianne Clements  Regular 
Board of Registrars  Bob McCandless  Regular 
Shellfish Committee  Melville Cote   Regular 
    John Baldwin   Regular 
    Richard Macara  Regular 
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    Nancyann Meads  Alternate 
Town Scholarship  
Committee   Mary Ann Cabral  Regular 
    Eleanora Irving  Regular 
    Olympia Cilberto  Regular 
Water & Sewer Board Kathleen Meads  Alternate 
Zoning Board of Appeals Amy Germain  Regular 
 

 Motion by:  Austin Knight    Seconded By:    Elaine Anderson     Yea  4     Nay   0   
 
Recreation Commission Susan Cook   Regular 
    Greg Anton   Regular 
Motion by:  Austin Knight    Seconded By:    Elaine Anderson      
                           Yea  3     Nay   0    Abstain  1 (David Bedard)  
 

5A FINANCIAL ASSISTANCE FOR REPAIR OF MAUSHOPE ELEVATOR FROM 
CDBG FUNDING  

 

 Michelle Jarusiewicz, Housing Specialist/Grant Administrator presented. 
 

The Town received a MCDBG grant in 1997/1998 for the installation of the elevator at 
Maushope. The elevator experienced failures in August and needed emergency repairs. Barrier 
removal and the provision of assistance to low/moderate income population make this project an 
eligible activity for the use of these Mass. Community Development Block Grant funds. These 
funds can only be used for eligible MCDBG activities. Program income is derived from the 
repayment of old housing rehab loans as those properties are sold. The current balance is 
approximately $23,580. Other past barrier removal projects funded through this account 
include a door at the old Cape End Manor and a ramp at the Library. 
 

The Board of Commissioners of the Provincetown Housing Authority requested financial 
assistance from the Town of Provincetown to repair the elevator at Maushope, a 24 unit 
development for elderly & disabled. The funds from the CDBG-Program Income Funds that 
targets low-income housing for assistance have been identified as being available. 
The total repair cost PHA is seeking assistance for is $7,305.48.  PHA will submit invoices to 
the Town for reimbursement. 
 
MOTION: Move that the Board of Selectmen vote to approve financial assistance through 
the Massachusetts Community Development Block Grant Program Income funds for the 
repair of the elevator at Maushope for up to $7,400. 
 

 Motion by:   Elaine Anderson       Seconded By:    David Bedard    Yea  4     Nay   0   
 
5B 6  SANDY HILL LANE #11 AFFORDABLE HOUSING RESTRICTION   

Michelle Jarusiewicz, Housing Specialist/Grant Administrator presented. 
 

On August 23, 2010 the Town received notice of intent to sell the median unit from its owner. 
The town chose not to purchase the unit and the owner proceeded with the resale procedure as 
outlined in the Affordable Housing Restriction.  The owner contracted with Community 
Housing Resource [CHR] for assistance with the marketing, outreach, eligibility review, and 
determination process. An eligible purchaser has been found, and a closing date has been 
scheduled potentially for December 15, 2010.  Town Counsel has drafted a revised Affordable 
Housing Restriction, which is similar to the original AHR, with some revised language around 
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foreclosures. 
 

MOTION: Move that the Board of Selectmen vote to approve the Affordable Housing 
Restriction for median income ownership for 6 Sandy Hill Lane unit #11 and the eligible 
purchaser certificate. 
 

 Motion by:   Austin Knight      Seconded By:    Elaine Anderson   Yea  4     Nay   0   
  

Michele Couture recused herself and left the room as she is on the Board of Directors 
of Seashore Point. 

 

5C SEASHORE POINT RENT INCREASES 
 

Michelle Jarusiewicz, Housing Specialist/Grant Administrator and Seashore Point Executive 
Director Kevin Comick presented. 
 

Executive Director Kevin Comick has submitted a request to increase rents on the 7 affordable 
units at Seashore Point by 4% in calendar year 2011. The Affordable Housing Restriction 
requires that the Town approve any rent increases.  The proposed increases are within the 
allowed maximum limits [including utilities] as determined by the state. 
 

MOTION: Move that the Board of Selectmen vote to approve the 4% rent increase request 
for the affordable units at Seashore Point. 
 

 Motion by:   Austin Knight      Seconded By:    David Bedard        Yea  3     Nay   0   
 
5D CONCEPT FOR COMMERCIAL STREET PEDESTRIAN MALL & TRAFFIC 

PATTERNS 
 

Police Chief Jeff Jaran, Lt. Jim Golden, and Sgt. Carrie Lopes presented.   
 

Traffic plan proposal creating Pedestrian Only Zones called the “Provincetown Walking Mall” 
along Commercial Street  -  broken into three separate areas.  
 

The concept will require discussion with business group and the public.  Seeks working group 
to further refine a proposal.  Includes a proposal to reconfigure the MPL to separate ingress 
and egress and direct exiting traffic away from Lopes Square and toward Ryder Street.  
 

Elaine Anderson  - thinks this is a great first step and supports it. 
 

David Bedard  - supports reconfiguring of MPL.  Does not think it is necessary all summer, 
and thinks the time frame should be further considered.  
 

Austin Knight  - thinks public education is important.   
 

Michele Couture -  thinks we need to consider the budget impacts to ensure we can afford to 
implement fully.  Renovating the booth at MPL expected to cost approximately $5000. 
 

The laws for bicycles are changing as of January 1, 2011.  Public education is going to be 
very important.  

 
6A TOWN MANAGER SHARON LYNN FOLLOW-UP   - None 
 
6B OTHER  - RESOLUTION – NSTAR HERBICIDE SPRAYING 

  
MOTION: Move that the Board of Selectmen vote to join the other Cape towns and vote to 
pass the attached resolution relative to NSTAR’s current plan to use herbicides along the 
right-of-way on Cape Cod, and to commit to a NO-SPRAY PESTICIDE-FREE Policy of 
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vegetation management on Cape Cod and the Islands. 
 

Motion by:  David Bedard     Seconded By:    Elaine Anderson     Yea  4     Nay   0   
 
7. MINUTES OF  BOARD OF SELECTMEN’S MEETING  - None  
  
8. CLOSING STATEMENTS 
 

 

Austin Knight –  Miller Hill follow-up.     
 

MOTION: Move that the Board of Selectmen vote to send a letter of thanks to the 
Provincetown Business Guild for hosting  the Senior Dinner.  
 

 Motion by:   Austin Knight      Seconded By:    David Bedard        Yea  4     Nay   0   
 
David Bedard 
 

MOTION: Move that the Board of Selectmen vote to send a letter of thanks to Howard 
Burchman for his years of service on the Planning Board. 
 

 Motion by:   David Bedard        Seconded By: Austin Knight        Yea  4     Nay   0   
  

Elaine Anderson  - None 
 

Michele Couture  - None 
 
 

Motion to adjourn by Austin Knight at  8:46 PM. 
 

Minutes transcribed by:  Vernon G. Porter, Secretary to Board of Selectmen  
                   December 15, 2010 
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Appendix E
Volume 2 Chapter 2: Structural BMP Specification

for the Massachusetts Stormwater Handbook
(Excerpts)
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