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Preface

Plastic pipe has been used for many decades in water and sewer applications. More
recently, plastic pipe has been used in new embankment dam construction and in the
renovation of existing conduits. However, most of the available design information
is targeted toward water distribution and sewer pipes and does not address the
unique factors involved in using plastic pipe in embankment dams. In general,
information on plastic pipe is too dispersed for the best use of lessons learned from
past performance, and compilation of information into a more readily available
source was needed. Due to the absence of any single recognized standard for plastic
pipe used in embankment dams, there is significant inconsistency in the design and
construction rationale. In an effort to deal with this problem, this document has
been prepared to collect and disseminate information and experience that is current
and has a technical consensus. The goal of this document is to provide a single,
nationally recognized standard to promote greater consistency between similar
project designs, facilitate more effective and consistent review of proposed designs,
and result in increased potential for safer, more reliable facilities.

This document is intended to supplement the plastic pipe information in the Federal
Emergency Management Agency’s (FEMA) Technical Mannal: Conduits through
Embankment Dams (2005). This document provides in-depth analyses of loading
conditions, structural design, and hydraulic design of plastic pipe.

This document attempts to condense and summarize the body of existing
information, provide a clear and concise synopsis of this information, and present a
recommended design approach. The authors reviewed most of the available
information on plastic pipe as it relates to use within embankment dams in preparing
this document. Where detailed documentation exists, they cited it to avoid
duplicating available materials. The authors have strived not to reproduce
information that is readily accessible in the public domain. Where applicable, the
reader is directed to selected portions of FEMA’s Technical Manual: Conduits throngh
Ewmbankment Dams (2005) and other consensus-accepted references for additional
guidance. This document is intended for use by personnel familiar with
embankment dams and conduits, such as designers, inspectors, construction
oversight personnel, and dam safety engineers.

In preparing this document, the authors frequently found conflicting procedures and
standards in the many documents they reviewed. Where conflicts were apparent, the
authors focused on what they judged to be the “best practice” and included that
judgment in this document. Therefore, this document may differ from some of the
participating agencies’ own policies.

11



Plastic Pipe Used in Embankment Dams

Since this is a supplemental document, the authors adopted the same approach
toward hazard potential classification as used in FEMA’s Technical Mannal: Conduits
through Embankment Dams (2005). The reader is directed to that document for a
complete discussion of hazard potential classification. The hazard potential
classification does not reflect in any way on the current condition of the dam (i.e.,
safety, structural integrity, or flood routing capacity). The three hazard potential
classification levels used in this document are low, significant, and high as defined in
FEMA 333, Federal Guidelines for Dam Safety: Hazard Potential Classification Systems for
Dams (1998):

o Low hazard potential—Embankment dams assigned the low hazard potential
classification are those where failure or misoperation results in no probable loss
of human life and low economic and/or environmental losses. Losses are
principally limited to the owners’ property.

o Significant hazard potential—Embankment dams assigned the significant hazard
potential classification are those dams where failure or misoperation results in
no probable loss of human life, but can cause economic loss, environmental
damage, or disruption of lifeline facilities, or can impact other concerns.
Significant hazard potential classification dams are often located in
predominantly rural or agricultural areas, but could be located in areas with
population and significant infrastructure.

o High hazard potential—Embankment dams assigned the high hazard potential
classification are those where failure or misoperation will probably cause loss of
human life.

Hazard potential

classification Loss of human life Economic, environmental, lifeline losses
Low None expected Low and generally limited to owner
Significant None expected Yes
High Probable—One or ~ Yes (but not necessary for this

more expected classification)

The authors consider the guidance in this document to be technically valid without
regard to the hazard potential classification of a particular dam. However, some
design measures that are commonly used for design of high and significant hazard
potential dams may be considered overly conservative for use in low hazard potential
dams. As an example, the authors recommend chimney filters that extend across the
entire width of the embankment fill section for most high hazard potential
embankments. Many smaller, low hazard potential embankments are constructed
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without this feature. This document recommends that even low hazard potential
dams should contain other currently accepted design measures that address seepage
and internal erosion along the conduit. Specifically, this document recommends a
filter diaphragm or filter collar around the conduit for all embankment dams
penetrated by a conduit.

FEMA, as the lead agency for the National Dam Safety Program, sponsored
development of this document in conjunction with the Association of State Dam
Safety Officials, Bureau of Reclamation, Mine Safety and Health Administration,
Natural Resources Conservation Service, and U.S. Army Corps of Engineers.

The primary authors of this document are Wade Anderson, P.E. (Natural Resources
Conservation Service), Chuck Cooper, P.E. (Bureau of Reclamation), John Fredland,
P.E. (Mine Safety and Health Administration), Michele Lemieux, P.E. (Montana
Department of Natural Resources and Conservation), Mark Pabst, P.E. (Bureau of
Reclamation), David Pezza, P.E. (U.S. Army Corps of Engineers), and Hal Van
Aller, P.E. (Maryland Department of the Environment). The technical editor for this
document was Lelon A. Lewis (Bureau of Reclamation). Illustrators for this
document were Bonnie Gehringer (Bureau of Reclamation), John Markley (Bureau
of Reclamation), and Wendy Pierce (Natural Resources Conservation Service).
Additional technical assistance was provided by Cynthia Fields (Bureau of
Reclamation), Cindy Gray (Bureau of Reclamation), and Gia Price (Bureau of
Reclamation).

Peer review of this document was provided by Darren Blank P.E. (Mine Safety and
Health Administration), Kurt Hafferman P.E. (Montana Department of Natural
Resources and Conservation), Bruce Harrington P.E. (Maryland Department of the
Environment), Greg Hughes P.E. (U.S. Army Corps of Engineers), John LaBoon
P.E. (Bureau of Reclamation), Danny McCook P.E. (Natural Resources
Conservation Service), Chuck Redlinger, P.E. (Bureau of Reclamation), Greg
Reichert P.E. (URS Corporation), Sal Todaro P.E. (URS Corporation), and Ken
Worster P.E. (Natural Resources Conservation Service).

The National Dam Safety Review Board (NDSRB) reviewed this document prior to
issuance. The NDSRB plays an important role in guiding the direction of the
National Dam Safety Program. The NDSRB has responsibility for monitoring the
safety and security of dams in the United States, advising the Director of FEMA on
national dam safety policy, consulting with the Director of FEMA for the purpose of
establishing and maintaining a coordinated National Dam Safety Program, and
monitoring State implementation of the assistance program. The NDSRB consists
of five representatives appointed from federal agencies, five State dam safety
officials, and one representative from the U.S. Society on Dams.

A number of additional engineers and technicians provided input in preparation of
this document, and the authors greatly appreciate their efforts and contributions.
The authors also extend their appreciation to the following agencies and individuals
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for graciously providing additional reviews, information, and permission to use their
materials in this publication:

Advanced Drainage Systems, Inc., Jim Goddard and Robert Slicker

American Concrete Institute

American Society of Civil Engineers

American Water Works Association

Association of State Dam Safety Officials

ASTM International

Bureau of Reclamation, Mark Baker, Richard D. Benik, Richard Fuerst, Mark

Gempertline, Ernest Hall, Walter Heyder, Steven Robertson, and Jay
Swihart

Bureau of Indian Affairs

Federal Emergency Management Agency

Florida Department of Environmental Protection, Steve Partney

Geo/Environmental Associates, Inc., Barry Thacker

Amster Howard

Inuktun Services, Ltd.

ISCO Industries, Dudley Burwell

Knight Piesold, Allen H. Gipson Jr.

Maryland Department of the Environment

Mine Safety and Health Administration, Carol L. Tasillo

Montana Department of Natural Resources and Conservation

Montana Tech. of the University of Montana, Rich McNearny

Natural Resources Conservation Service, Bill Irwin

Jim Norfleet

Robert Peccia and Associates, Robert Peccia

Performance Pipe, Larry Petroff

Plastic Pipe Institute

Simpson Gumpertz & Heger Inc., Timothy J. McGrath

Tetra Tech. Inc., Larry Cawlfield and Mike Hatten

Uni-Bell PVC Pipe Association, Michael Luckenbill

URS Corporation, Scott Jones

U.S. Army Corps of Engineers, Ed Ketchum, Terry J. Matuska, and Kevin LL
Pavlik

Utah State University, Steve Folkman, A.P. Moser, Blake Tullis, and Reynold K.
Watkins

Virginia Tech University, Michael J. Duncan

Designers must continue to explore the advantages and limitations of plastic pipe.
No single publication can cover all of the requirements and conditions that can be
encountered during design and construction. Therefore, it is critically important that
when plastic pipe is used within an embankment dam, the designer must be
experienced with all aspects of the design and construction of these structures.
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The authors caution the users of this document that sound engineering judgment
should always be applied when using references. The authors have strived to avoid
referencing any material that is considered outdated for use in modern designs.
However, the user should be aware that certain portions of references cited in this
document may have become outdated in regards to design and construction aspects
and/or philosophies. While these references still may contain valuable information,
users should not automatically assume that the entire reference is suitable for design
and construction purposes.

The authors utilized many sources of information in the development of this
document, including:

e Published design standards and technical publications of the various federal and
State agencies and organizations involved with the preparation of this
document.

e Published professional papers and articles from selected authors, technical
journals and publications, and organizations.

» Experience of the individuals, federal and State agencies, and organizations
involved in the preparation of this document.

This document is available in two formats: print copy and digital versatile disc
(DVD). The DVD format includes built-in Adobe Acrobat Reader software,
hyperlinks, and search capabilities. A hyperlink is a highlighted word or image within
the document which, when clicked, takes the user to another place within the
document or to another location altogether. Hyperlinks are especially useful when
the user wants to see the full reprint of a cited reference or the exact location in a
reference from which the material was cited. The available document formats and a
description of their contents are as follows:

* Print copy.—Some users of this document may not have direct access to a
computer and may find print copies more valuable. A print copy would be
especially useful to those users working in the field at construction sites, where
direct access to a computer may not be available. Users of the print copies will
lack the hyperlinking and search capabilities available in the DVD formats.

e DVD.—The DVD contains this document, portable document format (PDF)
copies of the cited references that were available in the public domain or where
permission for reprint was granted, plus “additional reading” references in PDF
format. The “additional reading” references are references that have not been
specifically cited in this document, but may be of additional interest to the user.
As DVD drives become more common, the DVD format will eventually
become the preferred format for all users, since it allows the user to utilize all
the available features.
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This document is intended solely for noncommercial and educational purposes.
PDF copies of references available in the public domain have been included on the
DVD whenever possible. For references not readily available in the public domain,
the authors tried to obtain copyright permission. Users should be aware that PDF
copies for a number of cited references were unavailable due to size constraints, lack
of availability in the public domain, or permission for reprint not being granted.
These references have been hyperlinked to a PDF file titled “Document
unavailable.” For these references, users may want to contact the author or
publisher directly for reprint information.

Suggestions for changes, corrections, or updates to this document should be directed
to:

Bureau of Reclamation
Denver Federal Center, Bldg. 67
6th Avenue and Kipling
Denver CO 80225-0007
Attention: Chuck Cooper (86-68130)

Please reference specific pages, paragraphs, or figures within the document, together
with proposed new material in any convenient format. Sources of proposed new
material should be completely cited. Submission of material signifies permission for
use in a future revised edition of this document, but credit for such new material will
be given where appropriate.

The material presented in this document has been prepared in accordance with
recognized engineering practices. The guidance in this document should not be used
without first securing competent advice with respect to its suitability for any given
application. The publication of the material contained herein is not intended as
representation or warranty on the part of individuals or agencies involved, or any
other person named herein, that this information is suitable for any general or
particular use, or promises freedom from infringement of any patent or patents.
Anyone making use of this information assumes all liability from such use.

Any use of trade names and trademarks in this document is for descriptive purposes
only and does not constitute endorsement. The information contained herein
regarding commercial products or firms may not be used for advertising or
promotional purposes and is not to be construed as an endorsement of any product
or firm.
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condition. (Note: This figure is not intended to show all the design details
FEQUILEA.) e 37
Positive projecting conduit in a trench condition. If the foundation is

yielding or the conduit deflects, the interior prism settles more than the

exterior prisms. The soil load on the conduit is less than the weight of the
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intended to show all the design details required.)......cccccevveuviviniinvinicniniicnnnn. 37
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that the top of the pipe is below natural ground or compacted fill, and then
covered with fill material. Negative projecting conduits should not be used
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The CLLSM is typically transported to the construction site in ready mix
concrete trucks. In this figure, CLSM is being used as a pipe encasement.
CLSM should not be used for embankment conduits in significant and high

hazard potential dAmS ... 84
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A trench box or “doghouse” has been used to place material around
drainpipes in vertically sided trenches in low hazard potential dams.
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Common Abbreviations

AASHTO, American Association of State Highway and Transportation Officials
ABS, acrylonitrile-butadiene-styrene

ACI, American Concrete Institute

ADS, Advanced Drainage Systems, Inc.

AGI, American Geological Institute

ASCE, American Society of Civil Engineers

ASDSO, Association of State Dam Safety Officials

ASTM, ASTM International

AWWA, American Water Works Association

CANDE, Culvert Analysis and Design

CCFRPM, centrifugally cast fiber reinforced polymer mortar
CCTYV, closed circuit television

CIPP, cured in place pipe

CLSM, controlled low strength material

CLSM-CDF, controlled low strength material—controlled density fill
CMP, corrugated metal pipe

DOS, disk operating system

DR, dimension ratio

DVD, digital versatile disc

EM, embedment/encasement material

ESC, environmental stress cracking

F, Fahrenheit

FEMA, Federal Emergency Management Agency

FFP, fold and formed pipe

FHWA, Federal Highway Administration

ES, factor of safety

HDB, hydrostatic design basis

HDPE, high density polyethylene

HDS, hydrostatic design stress

LL, liquid limit

MSA, maximum size aggregate

NAWIC, National Association of Women in Construction
NCHRP, National Cooperative Highway Research Program
NCLS, notched constant ligament stress

NDSP, National Dam Safety Program

NDSRB, National Dam Safety Review Board

NRCS, Natural Resources Conservation Service
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PB, polybutylene

PC, pressure class

PDF, portable document format

PE, polyethylene

P.E., Professional Engineer

PI, plasticity index

PM, pipe material

PP, polypropylene

PPI, Plastic Pipe Institute

PR, pressure rating

PS, pipe stiffness

PUR, polyurethane

PVC, polyvinyl chloride

ROV, remotely operated vehicle

SCC, self consolidating concrete

SCR, stress crack resistance

SCS, Soil Conservation Setvice

SDR, standard dimension ratio

SI, International System of Units
SSHB, Standard Specifications for Highway Bridges
SIDR, standard inside dimension ratio
UP, unsaturated polyester

USACE, U.S. Army Corps of Engineers
USCS, Unified Soil Classification System
USSD, United States Society on Dams
USU, Utah State University

UV, ultraviolet
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Conversion Factors
To the International System of Units (SI) (Metric)

Pound-foot measurements in this document can be converted to SI measurements
by multiplying by the following factors:

xXxii

Multiply By To obtain

acre-feet 1233.489 cubic meters

cubic feet 0.028317 cubic meters

cubic feet per second 0.028317 cubic meters per second
cubic inches 16.38706 cubic centimeters
degrees Fahrenheit (°F-32)/1.8 degrees Celsius

feet 0.304800 meters

feet per second 0.304800 meters per second
gallons 0.003785 cubic meters

gallons 3.785412 liters

gallons per minute 0.000063 cubic meters per second
gallons per minute 0.063090 liters per second

inches 2.540000 centimeters

miles 2.589988 kilometers

mils 0.000025 meters

mils 0.025400 millimeters

pounds 0.453592 kilograms

pounds per cubic foot 16.01846 kilograms per cubic meter
pounds per square foot 4.882428 kilograms per square meter
pounds per square inch 6.894757 kilopascals

pounds per square inch 6894.757 pascals

square feet 0.092903 square meters

square inches 6.451600 square centimeters
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Symbols

%AY/ D, percent deflection

a, coefficient of thermal expansion, in/in/F

% total unit weight of soil, Ib/ft’

Y., buoyant unit weight of soil, Ib/ft’

Y., Moist unit weight of soil, Ib/ft’

Y., saturated unit weight of soil, Ib/ft’

X%, unit weight of water, 62.4 1b/ft’

AH, increase in dam height, ft

AH, surge pressure, feet of water

AP, increase in soil loading due to dam raise, Ib/ ft?

AP, surge pressure, Ib/in’®

AT, change in temperature, P

A1/, change in velocity of water, ft/s

AY/D,, = %AX/ D, petrcent deflection expressed as a decimal
& maximum combined strain in pipe wall, in/in of pipe wall circumference
£, allowable strain for the pipe material, in/in

&, maximum strain in the pipe wall due to ring deflection, in/in
&, maximum strain in the pipe wall due to hoop stress, in/in
1, porosity, percent of void volume, %

M, coefficient of friction, tan ¢

@, effective friction angle of backfill

0, density of water, slugs/ft’

g, allowable long-term compressive stress, Ib/in’

a, percentage of soil passing the No. 200 sieve, fines content
a, velocity of the pressure wave, ft/s

A, filter or foundation area through which flow passes, ft*
A,,, area of the pipe wall, in’/in of pipe length
Ap_trequired area of the end restraint, ft’

B', empirical coefficient of elastic support

¢, distance from the inside surface to the neutral axis, in
C, constant ranging from 0.2 to 0.6, averaging 0.35

C, reduction factor for buckling pressure

C, positive projection load coefficient

¢,, coefficient of uniformity, Dy, / D,

D, particle size diameter in millimeters of the 10th percentile passing grain size
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D, particle size diameter in millimeters of the 15th percentile passing grain size

D, particle size diameter in millimeters of the 50th percentile passing grain size

Dy, particle size diameter in millimeters of the 60th percentile passing grain size

Dy, particle size diameter in millimeters of the 85th percentile passing grain size

DB, particle size diameter in millimeters of the 15th percentile passing grain size of
the base soil

Dg:B, particle size diameter in millimeters of the 85th percentile passing grain size of
the base soil

D,;E | particle size diameter in millimeters of the 15th percentile passing grain size of
the envelope

Dy,E, particle size diameter in millimeters of the 85th percentile passing grain size of
the envelope

D, F, particle size diameter in millimeters of the 10th percentile passing grain size of
the filter

D,;F, particle size diameter in millimeters of the 15th percentile passing grain size of
the filter

Dg;F, particle size diameter in millimeters of the 85th percentile passing grain size of
the filter

D, inside diameter of the pipe, in

D, deflection lag factor

D,;, mean pipe diameter, in

D, outside diameter of the pipe, ft

e, base of natural logarithms, 2.7183

E, modulus of elasticity of pipe material, Ib/in*

E, short-term modulus of elasticity of pipe material, 1b/ in’

E' modulus of soil reaction, 1b/in’

F, force due to expansion/contraction of the pipe, Ib

ES, factor of safety

& acceleration due to gravity, 32.2 ft/s’

h, height of fill above the top of pipe, in

h,, height of water above the top of the pipe, ft

H, height of soil above the top of the pipe, ft

H,, height of plane of equal settlement above the top of the pipe, ft

H,, initial height of existing dam, ft

HDB, hydrostatic design basis of the pipe, Ib/in*

HDS, hydrostatic design stress, 1b/in’

7, hydraulic gradient, head loss outside the pipe divided by the distance over which

that head loss occurs, ft/ft

L,,, pipe wall moment of inertia, in*/in of pipe length

K, bedding constant (typically 0.1 for soil embedment)

K,, bulk modulus of water, Ib/in’

K, Rankine’s active lateral earth pressure coefficient, tan’*(45-¢/2)

k, coefficient of permeability of the surrounding filter or foundation, whichever is

greater, ft/yr
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L, distance within the pipe that a pressure wave moves before it is reflected back by
a boundary condition, ft

LL, liquid limit, %

P, design pressure, 1b/in’

p, projection ratio

PC, pressure class, Ib/in’

P, unconstrained collapse pressure, Ib/in’

P, external hydrostatic pressure, Ib/ft’

PI, plasticity index, %

PR, pressure rating, b/in’

P, pressure due to weight of soil on top of pipe, b/ ft’

PS, pipe stiffness, Ib/in’

Py, internal vacuum pressure, Ib/in’

Py, pressure on the pipe from a wheel load, Ib/ft*

g,, allowable buckling pressure, 1b/in’

q.45» allowable soil bearing capacity, Ib/ft’

q.,» reduced allowable buckling pressure, Ib/ft* or Ib/in’

0, rate of flow of water into a drainpipe, ft’/yr

r, mean pipe radius, in

r.,, settlement ratio

R,, water buoyancy factor

SDR, standard dimension ratio of pipe, D/t

Sie, stress due to temperature change, 1b/in’

SIDR, standard inside dimension ratio

¢, wall thickness of the pipe, in

t,, top width of existing dam crest, ft

T, critical time, s

T,,, thrust in pipe wall, Ib/in

v, Poisson’s ratio

w/ ¢, water-cement ratio by volume

W, soil load, 1b/linear foot of pipe

IV, , wheel load, 1b

IV, vacuum load per linear foot of pipe, Ib/ft

”
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AASHTO Standard

AASHTO Standards

Title

M252

M294

SSHB

T99

XXV1

Corrugated Polyethylene Drainage Pipe.
Corrugated Polyethylene Pipe, 300- to 1200-mm Diameter
Standard Specifications for Highway Bridges

Moisture-Density Relations of Soils Using a 2.5-kg (5.5-1b)
Rammer and a 305-mm (12-in.) Drop
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ASTM Standards

ASTM Standard  Title

C33

c117

C 136

C 150

Co618

D 653

D 698

D 1504

D 1556

D 1785

D 2241

D 2321

Standard Specification for Concrete Aggregates

Standard Test Method for Materials Finer than 75-pm (No. 200)
Sieve in Mineral Aggregates by Washing

Standard Test Method for Sieve Analysis of Fine and Coarse
Aggregates

Standard Specification for Portland Cement

Standard Specification for Coal Fly Ash and Raw or Calcined
Natural Pozzolan for Use in Concrete

Standard Terminology Relating to Soil, Rock, and Contained
Fluids

Standard Test Methods for Laboratory Compaction
Characteristics of Soil Using Standard Effort (12,400 ft-Ibf/ft’
[600 KNm/m’])

Standard Specification for Folded Poly(Vinyl Chloride) (PVC)
Pipe for Existing Sewer and Conduit Rehabilitation

Standard Test Method for Density and Unit Weight of Soil in
Place by the Sand-Cone Method

Standard Specification for Poly(Vinyl Chloride) (PVC) Plastic
Pipe, Schedules 40, 80, and 120

Standard Specification for Poly (Vinyl Chloride) (PVC) Pressure-
Rated Pipe (SDR Series)

Standard Practice for Underground Installation of Thermoplastic
Pipe for Sewers and Other Gravity-Flow Applications
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D 2412

D 2434

D 2487

D 2657

D 2837

D 2922

D 3034

D 3035

D 3261

D 3350

D 4221

D 4253

D 4254

D 4318

D 4439

xXxXViii

Standard Test Method for Determination of External Loading
Characteristics of Plastic Pipe by Parallel-Plate Loading

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

Standard Classification of Soils for Engineering Purposes
(Unified Soil Classification System)

Standard Practice for Heat Fusion Joining of Polyolefin Pipe and
Fittings

Standard Test Method for Obtaining Hydrostatic Design Basis
for Thermoplastic Pipe Materials or Pressure Design Basis for
Thermoplastic Pipe Products

Standard Test Methods for Density of Soil and Soil-Aggregate in
Place by Nuclear Methods (Shallow Depth)

Standard Specification for Type PSM Poly(Vinyl Chloride) (PVC)
Sewer Pipe and Fittings

Standard Specification for Polyethylene (PE) Plastic Pipe (DR-
PR) Based on Controlled Outside Diameter

Standard Specification for Butt Heat Fusion Polyethylene (PE)
Plastic Fittings for Polyethylene (PE) Plastic Pipe and Tubing

Standard Specification for Polyethylene Plastics Pipe and Fittings
Materials

Standard Test Method for Dispersive Characteristics of Clay Soil
by Double Hydrometer

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

Standard Test Methods for Minimum Index Density and Unit
Weight of Soils and Calculation of Relative Density

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

Standard Terminology for Geosynthetics
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D 4647

D 5813

D 6572

F 412

477

F 679

F 714

F 794

I 894

F 949

1216

IF 1668

F 1743

F 1803

Standard Test Method for Identification and Classification of
Dispersive Clay Soils by the Pinhole Test

Standard Specification for Cured-In-Place Thermosetting Resin
Sewer Piping Systems

Standard Test Methods for Determining Dispersive
Characteristics of Clayey Soils by the Crumb Test

Standard Terminology Relating to Plastic Piping Systems

Standard Specification for Elastomeric Seals (Gaskets) for Joining
Plastic Pipe

Standard Specification for Poly(Vinyl Chloride) (PVC) Large-
Diameter Plastic Gravity Sewer Pipe and Fittings

Standard Specification for Polyethylene (PE) Plastic Pipe (SDR-
PR) Based on Outside Diameter

Standard Specification for Poly(Vinyl Chloride) (PVC) Profile
Gravity Sewer Pipe and Fittings Based on Controlled Inside
Diameter

Standard Specification for Polyethylene (PE) Large Diameter
Profile Wall Sewer and Drainpipe

Standard Specification for Polyvinyl Chloride (PVC) Corrugated
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to plastic pipe, embankment conduits, drainpipes, and embankment dams:
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American Society of Civil Engineers Publications: http://www.pubs.asce.org
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Bureau of Reclamation Publications:
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Canadian Dam Association: http://www.cda.ca

Federal Emergency Management Agency:
http:/ /www.fema.gov/plan/prevent/damfailure

Federal Emergency Management Agency Publications:
http://www.fema.gov/plan/prevent/damfailure/publications.shtm

Federal Energy Regulatory Commission:
http:/ /www.ferc.gov/industries /hydropowet.asp

International Commission on Large Dams: http://www.icold-cigh.org

Mine Safety and Health Administration: http://www.msha.gov

National Performance of Dams Program: http://npdp.stanford.edu

Natural Resources Consetrvation Service: http://www.nres.usda.gov/technical/eng

Natural Resources Conservation Service Publications:
http://www.info.usda.gov/ced

Plastic Pipe Institute: http://www.plasticpipe.org

U.S. Army Corps of Engineers: http://www.usace.army.mil

XXX11



Plastic Pipe Used in Embankment Dams

U.S. Army Corps of Engineers Publications:
http:/ /www.usace.army.mil/publications

United States Society on Dams: http://www.ussdams.org
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Introduction

Plastic pipe used in embankment dams serves different purposes than pipe used in
water and sewer applications. Failure of plastic pipe in water and sewer applications
rarely results in loss of life. However, failure of plastic pipe in dams can have
catastrophic consequences. Removal and replacement can be difficult, time
consuming, and costly. Plastic pipe used in dams must be conservatively designed to
provide for a long service life, strength to accommodate all loading conditions and
foundation movements, and have adequate access for cleaning and inspection. For a
discussion of the importance of good design and construction and the ramifications
that can result if these are lacking, see the Introduction of FEMA’s Technical Manual:
Conduits through Embankment Dams (2005).

Recommendations in this document are based on well founded engineering
principles fundamental to the safety dams. However, in some cases, a distinction is
made between plastic pipe used in significant/high hazard potential dams and low
hazard potential dams. Significant and high hazard potential dams require stringent
and conservative design measures, because failure or misoperation could result in
loss of human life or economic damages. Generally, this is not the case for low
hazard potential dams. While low hazard potential dams could certainly benefit from
the design measures discussed in this document, some measures may be considered
overly conservative for this type of structure. The designer of low hazard potential
dams needs to carefully consider the requirements of their particular application.

Plastic pipe has been used in the construction and renovation of conduits and
drainpipes within embankment dams (i.e., earthfill and rockfill) since about the
1980’s. The term “conduit” as used in this document refers to conduits used for
outlet works, spillways, and siphons in embankment dams. These types of conduits
regulate or release water impounded by the dam and are grouped together as
“embankment conduits.” The term “drainpipe” is used to refer to toe drains that act
as a downstream extension of the dam’s internal drainage system to collect and
transport seepage passing through the dam or foundation to a desired outfall
location. Plastic pipe has also been used for decants and drainpipes in tailings
disposal and slurry impoundment facilities since about 1980.

Plastic pipe is lightweight, abrasion resistant, and inert to most forms of chemical
attack. This facilitates installation and benefits durability and service life. Plastic
pipe is often used in toe drain systems for collecting and measuring seepage and
safely discharging it into a channel located downstream from the dam. Plastic pipe is
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commonly used for toe drain construction, since it is relatively inexpensive, readily
available in many diameters, can be manufactured with slots or perforations, and can
be rapidly installed (figure 1). Another frequent use of plastic pipe is for the
sliplining of deteriorating outlet works conduits. Plastic pipe is preferred for
sliplining due to its ease of installation, ability to re-establish the watertightness of
the conduit, and improved hydraulic performance.

Dam designers and dam safety officials often rely upon precedent and recognized
guidelines to design critical features of dams; therefore, many dam designers and
dam safety officials have been reluctant to use plastic pipe. Currently, the primary
source of design information for plastic pipe is from manufacturers. However, most
of this information is targeted to sewer and water pipe installations and does not
address the unique factors involved in using plastic pipe within embankment dams.
Most dam designers have never had training on the behavior of plastics and must
weigh decisions on the use of plastic pipe by considering the initial costs, operating
requirements, maintenance costs, dependability, and long-term performance. Some
State dam safety officials have attempted to address the use of plastic pipe in their
policies and regulations since the early 1990’s. Their efforts have resulted in
imposing various design requirements, including reinforced concrete encasement,
restrictions on the use of plastic pipe, and use restrictions based upon dam hazard
classification. However, because of the many potential benefits, more projects are
being designed and constructed using plastic pipe. The manufacture of plastic pipe
will continue to evolve, based on the requirements of the engineering community.
Continued improvements in manufacturing processes will provide products with
enhanced strength, durability, and efficiency. This document is intended to serve as
a guide for dam designers and dam safety officials to address the unique design
requirements of plastic pipe used in dams for embankment conduits and drainpipes.
This document provides the reader with detailed procedures for design, inspection,
maintenance, renovation, and repair for plastic pipe applications used in
embankment dams.

This document specifically addresses plastic pipe applications involving embankment
conduits and drainpipes in traditional water-retention embankment dams. The
information in this document also applies to the design and use of plastic pipe for
conduits and drainpipes in tailings or mine waste-disposal impoundments. However,
chapter 7 discusses how the unique characteristics of these impoundments can affect
the design of plastic pipe when used for this application.

This document does not address other uses of plastic pipe often associated with
embankment dams, such as instrumentation (e.g., piezometer riser pipes), relief wells
(relief wells are considered part of the foundation drainage system), and structure
underdrains (i.e., drains located under spillway floor slabs). Also, this document does
not address plastic pipe used to deliver tailings or slurry to a mine-waste-disposal
impoundment. However, some portions of this document may have limited
applicability to these uses of plastic pipe.
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Figure 1.—Plastic pipe is lightweight, which facilitates installation.

Flat drains (edge drains) may have very limited application for drainpipes within
embankment dams where overburden depths are small and future access is not a
problem. However, concerns exist that the geotextile fabric wrapped around the
drain has the potential for clogging, rendering the drain ineffective. Due to concerns
with the potential for clogging, numerous inspection difficulties associated with flat
drains, unknown performance under large fill loads, and the lack of precedent for
use, they will not be addressed further in this document. Another recent innovation
involving plastic pipe that will not be discussed in this document includes
prefabricated riser intake structures. These prefabricated units are typically used to
replace deteriorated corrugated metal pipe (CMP) risers.

New and improved plastic pipe products are continuously being developed. Some
may have potential applicability for use in embankment dams and others may not.
For any new plastic pipe product without a proven record of successful use in
embankment dams, the designer must exercise a cautious approach and closely
evaluate all the characteristics and properties of the particular pipe. A number of
research needs are presented in chapter 8 to better understand the performance of
plastic pipe and embedment/encasement materials used in embankment dam
applications.
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Chapter 1

General

Many types of plastic pipe are available from manufacturers and suppliers. However,
certain types of plastic pipe are preferred for use within embankment dams due to
their ability to accommodate a variety of internal and external loading conditions that
may be experienced during the service life of the project. This document is intended
to address parameters unique to plastic pipe and its applications within dams. The
designer should understand that design criteria for plastic pipe used in dams differ
from criteria used in design of plastic pipe in other types of applications, such as
municipal water distribution and sewers. The most significant differences are the
limited accessibility should something go wrong and the resulting potential impacts
to downstream populations. Plastic pipe used in dams is often buried deeply where
access is nearly impossible due to the amount of overburden existing above it and
the existence of a reservoir pool. For these reasons, dam designers considering the
use of plastic pipe must be cautious and select pipe that meets or exceeds
conservative design criteria affecting watertightness, durability, structural
performance, and design life.

This chapter discusses the history, common types of plastic pipe, and their
advantages and disadvantages for use in the construction of embankment conduits
and drainpipes within embankment dams. Chapters 2 and 3 provide guidance on
loading conditions and structural/hydraulic design.

1.1 Historical Perspective

Plastic pipe has been commonly used for embankment dam drainage systems (e.g.,
drainpipes) since the early 1970’s. Drainage applications in dams are typically
nonpressurized. The use of plastic pipe for embankment conduit applications (e.g.,
outlet works and spillways) within traditional earthen dams is less common. Plastic
pipe has been used in the construction and modification of embankment conduits
since the early 1990’s. These types of applications can either be pressurized or
nonpressurized. Typically, the designs for embankment conduits have been
prepared without the use of a nationally recognized guideline and by default, have
largely been based upon manufacturers’ information developed for differing and less
critical applications.
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The mining industry has used plastic pipe in dams since the mid-1980’s for decant
pipes, internal-drain collector pipes, and delivery pipes for slurry or tailings disposal.
As with embankment conduits, no nationally recognized design guideline is available
for this type of application.

While no standardized guidelines exist for the design of plastic pipe used for
embankment conduits and drainpipes, numerous codes, standards, and
recommended practices do exist that regulate and influence the plastic pipe industry.
These publications cover a wide range of product performance requirements,
materials, manufacture, and test methods related to plastic pipe. ASTM International
(ASTM) publishes standard specifications, practices, and test methods. Standard
specifications define specific performance and product requirements, standard
practices define how a particular activity is to be performed, and standard test
methods define how a particular test is to be performed. The American Water
Works Association (AWWA) also publishes standards. ASTM and AWWA are
consensus standards and are voluntary. They only become mandatory when
specified by some user or entity such as a government agency. For example, if an
agency specifies that pipe must meet AWWA C900, the finished product
specifications found in AWWA C900 must be met. At the same time, the ASTM
requirements called out in AWWA C900 also become mandatory. As changes in
plastic pipe are made and newer products, applications, or test methods are
developed, the standards are revised accordingly. The use of up-to-date publications
is strongly advised.

Additional information concerning plastic pipe is available in a number of
publications, such as AWWA’s PE Pipe—Design and Installation (2006) and P1"C
Pipe—Design and Installation (2002), the Plastic Pipe Institute’s (PPI) Handbook of
Polyethylene Pipe (2006), and Uni-Bell PVC Pipe Association’s Handbook of P1/C Pipe—
Design and Construction (2001).

1.2 Common Types of Plastic Pipe Used in Embankment Dams

Many types of plastic pipes are available, but not all types should be used in dams.
The formulations used for the production of plastic pipe can vary slightly from
manufacturer to manufacturer. The designer must specify the type, grade, and class
required for each plastic pipe application. Due to the numerous options available,
selection of the proper plastic pipe can become a bewildering experience for the
designer. Fortunately, many standards, such as those from ASTM and AWWA, have
been developed to ensure plastic pipe products have uniform characteristics,
regardless of the manufacturer. This section will discuss some of the types of plastic
pipe that have been “commonly” used in dams. Section 1.3 discusses how these
types of plastic pipes are used in embankment conduit and drainpipe applications.
The types of plastic pipes discussed in these sections have been successfully used in
the past for applications in dams. If the designer wants to consider other types of
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plastic pipe not discussed in this document, all design implications must be carefully
evaluated. Also, as the industry introduces newer plastic pipe products, the designer
will need to carefully determine their applicability for the intended project. The
information contained in this document should be used to assist in this
determination.

Plastic pipe used in dams primarily consists of two types: thermoplastic and
thermoset plastic. The differences between thermoplastic and thermoset plastic
pipes are discussed in the following sections. Some of the information in these
sections has been adapted from FEMA’s Technical Mannal: Conduits through
Ewmbankment Dams (2005). Selected information has been updated where applicable.

1.2.1 Thermoplastic

Thermoplastics are plastics that can be
repeatedly softened by heating and hardened
by cooling without deterioration of their
properties. In thermoplastics, the polymer
molecules are not crosslinked (not chemically
bonded to other polymer molecules). The
molecules not being connected by crosslinks
allows the molecules to spread farther apart
when the plastic is heated. With the
application of heat, thermoplastics may be
shaped, formed, molded, or extruded. This is
the basic characteristic of a thermoplastic.

Plastics used for the manufacture of

thermoplastic pipe are compounds consisting
of resins (figure 2) mixed with additives.
Each additive serves a specific purpose, such
as (Willoughby, 2002, p. 2.3):

Figure 2.—Resin. Photo courtesy of
Uni-Bell PVC Pipe Association Members
and Associate Members.

o Abntioxidants—FExtends the temperature range and service life.
 Colorants—Provides color to the plastic material.

o Coupling agents—Improves the properties of the plastic material.
o Fibrous reinforcements—Improves the strength to weight ratio.

o Fillers and extenders—Improves the properties of the resin.
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» Heat and ultraviolet stabilizers—Helps prevent degradation from heat and
sunlight.

o Dreservatives—Helps prevent bacterial attack on the plastic material.

The formulations, proportions, and actual ingredients used provide the specific
properties dictated by the particular application.

The thermoplastics class of materials commonly includes polyethylene (PE),
polyvinyl chloride (PVC), acrylonitrile-butadiene-styrene (ABS), polybutylene (PB),
and polypropylene (PP). However, the thermoplastics most commonly used in the
construction of embankment dams are PE and PVC:

o Polyethylene—Polyethylene pipe is classified into several different categories
based mostly on its density and branching. These categories include, among
others, low, medium, and high density PE. The mechanical properties of PE
depend significantly on variables such as the extent and type of branching, the
crystal structure, and the molecular weight. ASTM D 3350 is used to classify
polyethylene materials used for piping. High density polyethylene (HDPE) is
the most common type of PE used in dam construction.

* Polyvinyl chloride—Polyvinyl chloride pipe is classified into several categories:
pressure class (AWWA C900), pressure rating (ASTM D 2241 and AWWA
C905), schedule 40, 80, and 120 (ASTM D 1785), and nonpressure (ASTM
D 3034). The pressure class and rating products offer a pressure capacity
independent of pipe size, whereas the schedule product pressure ratings vary
between different pipe diameters.

The general properties, advantages, and disadvantages of HDPE and PVC pipe in
dam construction are discussed in section 1.3.

Thermoplastic pipe is produced by the extrusion process, as illustrated in figure 3.
The extrusion process produces an inherently strong finished product. The
extrusion process continuously forces molten polymer material through an angular
die by a turning screw. The die shapes the molten material into a cylinder. The
speed at which the molten material is drawn away from the extruder determines the
wall thickness. After a number of additional processes, such as cooling of the
extruded pipe, the final product can be handled without distortion and can be cut
into the specified pipe lengths. The process described here is typically used for solid
wall pipe. Additional steps are required in the manufacturing process for adding
corrugations or belling the ends of the pipe. For example, to add the bell end to a
PVC pipe, one end of the PVC pipe is reheated and placed into a belling machine to
enlarge the pipe diameter. The bell is formed by means of a belling mandrel which is
slipped through the heated end of the pipe to enlarge it and shape it into the bell. In
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Figure 3.—Conventional extrusion line. Photo courtesy of the Plastic Pipe Institute.

this machine, the bell is formed along with a groove for installation of a rubber
gasket.

Thermoplastic pipe fittings are required for changes in alignment, size, or
connections (e.g., bends, wyes, tees, and reducers). Pipe fittings can be manually
fabricated or made by the injection mold process (for nominal diameters of

12 inches or less). Manually fabricated fittings are normally constructed by joining
sections of pipe or machined from blocks. Pressure rated fittings are joined by heat
fusion. To ensure that manually fabricated fittings have the same exact dimensions
and properties as the pipe to which they will be connected, straight lengths of the
same type of pipe are used to fabricate the fitting. The straight lengths of pipe are
precision cut and joined together using heat fusion to form the fitting.

1.2.1.1 HDPE

Two general classes of HDPE materials are commonly used to make pipe for dam
applications. One material (ASTM F 714) is classified by ASTM D 3350 as having a
hydrostatic design basis and is suitable for pressure applications. The other material
(ASTM D 3035) is classified by ASTM D 3350, but is not pressure rated. This
material is used to make corrugated pipe manufactured to American Association of
State Highway and Transportation Officials (AASHTO) standards M252 and M294
respectively. In some special cases, corrugated pipe can be made from “pressure
rated” material. The four HDPE pipe types, described in the following paragraphs,
have been used in dam construction (figure 4 shows cross-sectional illustrations of
each type). Other plastic pipe wall configurations exist, but have had very infrequent
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Figure 4.—Types of HDPE pipe walls.

use or have not been used in embankment dam applications. Those pipes will not be
discussed in this document.

HDPE plastic pipe used in dam construction includes:

* Solid wall—Solid wall pipe is made of a continuous wall of HDPE with uniform
thickness. Solid wall pipe has smooth interior and exterior surfaces. Although
solid wall pipe is pressure rated to meet the requirements as specified in ASTM
F 714, dual-wall containment pipe should be used for pressurized embankment
conduit applications in dams due to its added factor of safety. Solid wall pipe is
available in diameters up to about 63 inches in typical lengths of 40 to 50 feet.

Figure 5 shows an example of solid wall HDPE pipe.

A

Figure 5.—Solid wall HDPE pipe to be used for sliplining of an existing
outlet works conduit.
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o Dual-wall containment.—Dual-wall containment

pipe is made from two solid wall pipes. Dual-
wall containment pipe consists of an inside pipe
(carrier pipe) which is centered within an outer
pipe (containment pipe). Dual-wall
containment pipe should be used use in
pressurized embankment conduits, since it
affords the added protection of a second pipe.
The annular space between the carrier and
containment pipes allows for quick detection of
leaks in the carrier pipe. The manufacturer can
preassemble this type of pipe at the factory, or
the pipe can be assembled at the job site using
two solid wall pipes. End spacers (centralizers)
located at each end of a section of pipe center
the carrier pipe within the containment pipe.
The end spacers are made to form a tight fit and
are extrusion welded in place. Intermediate
spacers (known as spiders) are placed at
intermediate points between the end spacers to
provide additional support. Figure 6 shows an
example of a dual-wall containment pipe. The
containment pipe and carrier pipe should be
pressure rated to meet the requirements as
specified in ASTM F 714. Dual-wall
containment pipe is available in diameters up to
about 54 inches for the carrier pipe and

63 inches for the containment pipe. The
Wheatfields Dam Case History in appendix B
discusses the use of dual-wall containment pipe
for an outlet works conduit renovation.

Corrugated (single wall).—Single wall corrugated
pipe has corrugated interior and exterior
surfaces. This pipe is manufactured using a
corrugated cross section for increased strength
to allow the pipe wall to support soil loads.
Single wall corrugated pipe is distributed in coils
(figure 7). Single wall corrugated pipe is
available in both perforated and nonperforated
products. Perforations can be slots or circular
holes. Single wall corrugated pipe is available in
diameters up to about 24 inches.

Figure 6.—Dual-wall
containment HDPE pipe. A
14-inch diameter carrier
pipe is being inserted into a
20-inch diameter
containment pipe.
Intermediate spacers are
attached to the carrier
pipe. Grout lines for
grouting of the annulus
between the existing
conduit and containment
pipe can be seen.

d?@i?g" i )
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Figure 7.—Single wall
corrugated HDPE pipe has
corrugations on both
interior and exterior
surfaces. Photo courtesy of
Advanced Drainage
Systems, Inc.
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o Corrugated (profile wall).—Profile wall corrugated
pipe has a smooth interior surface and a
corrugated exterior surface (figure 8). The
corrugations add ring stiffness to the pipe to
assist in maintaining cross-sectional shape. The
smooth interior surface reduces friction and
resistance to flow. Profile wall corrugated pipe
economizes on the amount of material needed
for fabrication; by altering the wall the same
stiffness may be achieved with less material.
However, not all types of wall corrugation are
equal. Parametric studies were conducted by
Burgon, Folkman, and Moser (20006) to examine
the influence of profile height, shape, and

Figure 8.—Profile wall thickness. Results of this research show that the
corrugated HDPE pipe has

smooth interior and corrugation shape had a dramatic effect on
corrugated exterior profile stability. Profile wall corrugated pipe is
surfaces. available in both perforated and nonperforated

products. Perforations can be slots or holes.
This pipe is supplied in standard 20-foot lengths. Profile wall corrugated pipe is
available in diameters up to about 60 inches.

HDPE pipe is typically black due to the addition of carbon black during the
manufacturing process. The addition of carbon black prevents degradation of the
pipe when exposed to ultraviolet (UV) radiation. HDPE pipe is also available in
shades of gray to reduce glare and improve conduit inspection using closed circuit
television (CCTV) equipment.

The most common method used to join solid wall pipe and dual wall containment
pipe is by heat fusion (ASTM D 2657; and PPI, 2005). Although a number of
different fusion techniques exist, the butt fusion technique is the most widely used
and industry-accepted method for joining sections of HDPE pipe. Butt fusion is
typically used to join pipes that have the same nominal outside diameter and wall
thickness. Butt fusion is accomplished by heating two surfaces to a designated
temperature, and fusing them together by application of sufficient force. The
application of force causes the melted materials to flow and mix together. As the
joint cools, the molecules return to their crystalline form, the original joint interfaces
are gone, and the two pipes have become one homogenous pipe. If performed
according to recommended procedures, the fused joint is watertight and as strong or
stronger than the HDPE pipe in both tensile and compressive properties. Butt
fusion is performed at the site, by an operator who has been trained by an
experienced pipe distributor, fusion equipment manufacturer, or pipe manufacturer
using a portable fusion machine. Improper operation of the equipment can produce
a poor fusion. Six steps are involved in making a propetly performed butt fusion

12
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Figure 9.—HDPE pipe joint being butt fusion welded.

joint using a fusion machine (figure 9) (PPI, 2005, p. 14; Performance Pipe, 20006,

p.-9):

1.

Securely fasten the pipe components into the clamping jaws of the fusion
machine, so that they will not move.

Face (trim and square off) the ends of the pipe components to establish clean,
parallel mating surfaces. Most fusion machines have a rotating planer to
perform this task. Poor preparation and any contaminants remaining on the
pipe surfaces will produce a poor joint.

Align the pipe ends to minimize mismatch of pipe walls.
Heat both ends of the pipes (usually to about 400 to 450 °F). The heating tools

are integrated into the fusion machine. A melt pattern that penetrates into the
pipe must be formed around both pipe ends.

5. Join the ends of the pipe by bringing them together with sufficient pressure to

properly mix the molten pipe materials on the ends of the pipe components. A
small melt bead will form at the joint on the interior and exterior surfaces of the
pipe as the ends are joined. A properly performed fusion will form a double
melt bead that is rolled over to the surface on both ends of the pipe. The pipe
manufacturer will specify proper pressure required for the thickness and
diameter of the pipe.

13
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6. Hold the molten joint together under pressure until it has cooled adequately to
develop proper strength. The amount of time required for cooling depends
upon the material, pipe diameter, and wall thickness. The manufacturer will
specify proper cooling times for their product.

Fusion machines are available for pipe sizes up to 63 inches in diameter. Modern
butt fusion machines are hydraulically assisted and semiautomatic requiring only one
operator. Hydraulic power is used to operate all fusion functions including the
clamping jaws, heater, and facer. Some machines have the capability to record
important data, such as heater surface temperature, and heating, fusion, and cooling
times. A printed record for each joint can be created to ensure consistency. Trial
fusions should be considered at the beginning of the day, so the fusion procedure
and equipment settings can be verified for the actual job site conditions. During
cold weather, additional time is required to warm up the fusion machine and to heat
the ends of the HDPE pipe. A temporary shelter may need to be constructed for
joining the sections of HDPE pipe in case of inclement weather to avoid
precipitation, wind, and heat loss. For additional cold weather procedures, see
ASTM D 2657. Dual-wall containment pipe is typically butt fused together
simultaneously or by staggering the welds of the carrier and containment pipes.
Manufacturers’ recommended procedures should always be observed for butt fusion.
HDPE pipe cannot be joined by field threading or solvent bonding.

The need for melt bead removal is uncommon, and has negligible impact on the
hydraulic performance of the pipe. If melt bead removal is required, it can be
accomplished using special tools after the joint has thoroughly cooled to ambient
temperature. Personnel using the debeading tool should be propetly trained, so the
pipe is not needlessly gouged.

The beads should be thoroughly inspected for
uniformity and proper size around the entire
joint. Visual inspection criteria should be
obtained from the pipe manufacturer.
Nondestructive evaluation methods have been
performed using ultrasonic equipment to detect
voids or other discontinuities. Radiographic
methods are considered unreliable because x-rays
are a poor indicator of fusion quality. For
destructive testing, a bent strap test (ASTM
Figure 10.—A butt fused HDPE .D'26'57) can be performed in the field to CQnﬁrm
pipe joint being checked for gaps joint integrity, operator procedure, and fusion
and voids. machine setup (PPI, 20006, p. 8). Figure 10
shows a joint being tested. The test is easy to
perform on thin wall pipes, but can be difficult
on thick wall pipes (greater than about

1Y2 inches). For thicker walled pipes,
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nondestructive evaluation methods should be considered. Field fusion should not
proceed until joint quality on a test sample has been properly evaluated. Use of
fusion machine operators who are skilled, knowledgeable, and certified will produce
a good joint. Improperly butt fused joints cannot be repaired and must be cut out,
and the ends must be propetly joined (ASTM D 2657). Upon completion of the
repair, the HDPE pipe should be retested for leaks. For guidance on leak testing, see
section 3.8.2

Unlike plastic pipe joined by couplers—as in corrugated HDPE, bells and spigots in
PVC, or flanged joints—butt fusion creates a continuous joint-free pipe of nearly
constant outside diameter. In sliplining applications for embankment conduits, the
butt fusion joint does not take up any additional space, so a larger inside diameter
slipliner can be used. This is an advantage over bell and spigot pipe or pipe with
flanged joints.

Other joining methods for solid wall pipe include:

o Joints made by extrusion welding—Many prefabricated fittings (i.e., elbows, bends,
and tees) can be joined to HDPE pipe with heat fusion (ASTM D 3261) in the
tield using an extrusion gun. Extrusion welding is a manual process utilizing a
hand held extruder (figure 11). The process involves continuously extruding
molten HDPE onto the plastic components to be joined. The welding gun has
the appearance of an electric drill with a small extrusion barrel attached to the
front. The extrusion barrel is heated either by cartridge heaters or hot air.

Figure 11.—Hand held extrusion gun.
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HDPE rod or granule feedstock is fed into the rear of the extrusion barrel and
the material is heated as it is drawn through the barrel. The molten HDPE is
continuously ejected through a specially designed shoe attached to the front of
the extrusion barrel. At the leading edge of the shoe, hot gas is used to preheat
the surfaces where the molten HDPE is to be applied, so a proper weld can be
formed. Generally, no further work is required to complete the joint. Typical
welding speeds are 1 to 3 feet per minute. Extrusion-welded joints are
significantly weaker than butt fusion joints. Weld quality depends upon the skill
of the operator. Proper training and certification are required to maintain high
standards of fabrication. Extrusion welding has also been successfully used for
connecting HDPE grout and air vent pipes to plastic pipe slipliners. Extrusion
welding cannot be used to repair damaged HDPE pipe.

» Mechanical joints—Mechanical joints are used to
join HDPE pipe and fittings to themselves or to
other types of pipe materials. The most common
mechanical joint is the flange adapter (figure 12).
Flanged connections are often used to connect
HDPE pipe to steel pipe. The flange adaptor
consists of a stub end, which is typically butt fused
to the HDPE pipe, and a flanged end, which is
joined with bolts and nuts to the flanged end of
another pipe. A backup ring should be used with
flanged connections. The backup ring is placed

behind the HDPE flange. When the flange bolts

Figure 12.—HDPE flange are tightened, the backup ring compresses against

adapter connection.
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the HDPE flange to the steel pipe flange,
providing a seal. Flanged connections allow for
easy assembly and disassembly of the joint. Flange
joints tend to require more annular space than butt fusion joints. Depending
on the application, the use of a gasket may be required with the flange adaptor
connection. Other mechanical joining methods, such as couplings, are available
from various manufacturers, but have not had much applicability for use in
embankment dam construction. Although couplings are meant to allow HDPE
connections to other pipe materials, there are special concerns. These include
the low coefficient of friction of HDPE making gripping of the outside of the
pipe more difficult than for other materials and the need for internal stiffeners.

Snap joints—This type of patented joint is used in ISCO’s Snap-Tite pipe
joining system and consists of solid wall HDPE pipe specially machined to
form two grooves around the circumference on both ends of the pipe section.
The grooves on the male end are on the exterior surface, and the grooves on
the female end are on the interior surface. Each new piece of pipe is snapped
onto the proceeding pipe. A lubricant and gasket is normally used with this
type of joint. Snap joints allow sections to be easily joined using chains
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wrapped around the pipe, come-alongs, and a
backhoe. This type of pipe joint has been used in
sliplining of nonpressurized embankment conduits
in low hazard potential dams, but should not be
used in significant or high hazard potential
applications. Figure 13 shows an example of the
male end of a snap joint.

Corrugated pipe is most often used in embankment
dams for drainpipe applications, requiring nonrated and
nonpressure joints. Manufacturers typically offer a
variety of joints to meet specific project
requirements (i.e., prevent the infiltration
of solil, exfiltration of water, etc.).
Corrugated pipe products are joined
using the following methods: (1) single
wall pipe using an external split or snap
coupler and (2) profile wall pipe using an
external split coupler, snap coupler,
bell/bell gasketed coupler, or integral
bell and spigot gasketed joint. Figure 14
shows an example of an external split
coupler.

Figure 13.—Male end of
snap joint.

1.2.1.2 PVC Figure 14.—External split coupler.

Pressure- and nonpressure PVC pipe is available in solid wall, which has smooth
interior and exterior surfaces (figure 15). Solid wall PVC pipe is commonly available
in 4- to 48-inch diameters in standard 20-foot lengths for pressure pipe. ASTM

D 3034 nonpressure pipe is available in 14- or 20-foot lengths and ASTM F 679
nonpressure pipe is available in 14-foot lengths. Note that AWWA C900 and C905
are the only standards that specify a length. All others may vary from manufacturer
to manufacturer. Open profile (single and double wall) (4- to 48-inch) ASTM F 794
and I 949, and closed profile (double wall) (18- to 60-inch diameter) ASTM F 1803
are also available, but have not been used in dam applications.

The common joining system for PVC pipe is a bell and spigot flexible gasketed joint
(figure 16). The gasketed joint is designed so that when it is assembled, the
elastomeric gasket(s) is compressed radially between the pipe spigot and bell to form
a positive seal (Uni-Bell, 1995, p.1). Gasket materials should comply with the
physical requirements as specified in ASTM F 477. Assembly of gasketed joints is
facilitated by use of a lubricant as recommended and applied in accordance with the
pipe manufacturer’s instructions. Best practice for bell and spigot connections
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Figure 15.—Solid wall PVC pipe has occasionally been used in
embankment conduit applications within low hazard potential
embankment dams. However, the bell and spigot joint connection used
for this type of pipe can experience separation and seepage when
improperly installed.

requires the bell ends pointing in the direction of the
work progress, since it is easier to insert the spigot into
the bell rather than push the bell over the spigot. Care
must be taken to avoid over- or underinsertion of the
spigot end into the bell end. Since gasketed joints
permit some flexibility, they are preferred for drainpipe
installations, especially where settlement is expected.
However, since embankment conduits in significant
and high hazard potential dams must be designed with
a high degree of conservatism, bell and spigot joints
should not be used. Bell and spigot joints are
susceptible to separation as the embankment dam

s e > : a® scttles.
Figure 16.—PVC pipe
joint (bell and spigot). Other joining systems are available for PVC pipe.

These proprietary joining systems include spline (figure
17), heat fusion (figure 18), and mechanical (figures 19 and 20) joints. These types of
joints are being used on water distribution and sewer installations, but have not been
used in applications for dams. The designer needs to carefully evaluate the
watertightness and long-term suitability of these joints before they are considered for
use in dam applications; see research need PM-6 in chapter 8.
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Figure 17.—The splined joint has a machined
groove in the PVC pipe and in the coupling to allow
insertion of a flexible thermoplastic spline that
provides a 360-degree restrained joint. Photo
courtesy of Uni-Bell PVC Pipe Association Members
and Associate Members.

Figure 18.—The heat fusion process is used to join
PVC pipe, resulting in a continuous length of pipe.
Photo courtesy of Uni-Bell PVC Pipe Association
Members and Associate Members.
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Figure 19.—This type of
mechanically restrained joint
is used to prevent

overinsertion of bell and Figure 20.—PVC pressure pipe with
spigot gasket PVC pipe. external mechanically restrained joints.
Photo courtesy of Uni-Bell Photo courtesy of Uni-Bell PVC Pipe
PVC Pipe Association Association Members and Associate
Members and Associate Members.

Members.

1.2.1.3 Other types of thermoplastic pipe

Another type of thermoplastic is called fold-and-formed plastic (FFP). This system
has not been used for renovation of embankment conduits, but may have
applicability at some low hazard potential dams. The FFP system utilizes
thermoplastic materials that have been folded from a circular shape to produce a
smaller net cross-section and can be inserted into an existing pipe (USACE, 1995,
pp. 2-8). These pipe products are usually extruded PVC or HDPE pipe that is
flattened and folded longitudinally. The plastic pipe is fed from a spool into an
existing pipe, and hot water or steam is applied until the liner reaches a uniform
temperature throughout the material elevated enough for rounding. For one system,
a special rounding device is inserted in the upstream end of the FFP and propelled
by steam pressure to the downstream termination point. As the rounding device
progresses, it expands the FFP tightly against the walls of the host pipe. Other
systems use only heat and pressure to round the FFP. Any liquids in the host pipe
are pushed out ahead of the expanding liner. The flexible FFP molds to the shape of
the host pipe and normally forms distinct dimples at service connections. Pressure is
maintained in the rounded FFP until it cools to a rigid state. The completed FFP
liner has no joints and a very small annular space. No bonding occurs between the
FFP and host pipe. The diameter range is limited to the manufacturing limits of this
system (4 to 18 inches). Lengths up to 700 feet are possible. Due to its limited
potential for use in embankment dams, FFP will not be discussed further in this
document. For additional guidance on FFP, see ASTM D 1504.
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1.2.2 Thermoset plastic

Thermosetting plastics (thermosets) refer to a variety of polymer materials that cure,
through the addition of energy, to a stronger form. The energy may be in the form
of heat or through a chemical reaction (e.g., two-part epoxy). The curing process
transforms the resin into a plastic by cross-linking. Thermoset plastic polymer
molecules are cross-linked (chemically bonded) with another set of molecules to
form a “net like” or “ladder-like” structure. Once cross-linking has occurred, a
thermoset plastic does not soften, melt, or flow and will disintegrate when sufficent
heat is added. However, if the crosslinking occurs within a mold, the shape of the
mold will be formed. A thermoset material cannot be melted and remolded after it is
cured. The thermoset class of materials includes unsaturated polyester (UP), epoxy,
and polyurethane (PUR). Thermoset materials are generally better suited to high-
temperature applications than thermoplastic materials. However, they do not lend
themselves to recycling like thermoplastics, which can be melted and remolded.

The most commonly used thermoset plastic in dam applications has been cured-in-
place pipe (CIPP) (figure 21). CIPP is also referred to as an “elastic sock.” CIPP
liners have been used mainly for sliplining of embankment conduits, as an alternative
renovation method. CIPP liners are constructed to be slightly smaller than the inner
diameter of the existing pipe that is being renovated. CIPP consists of a flexible
polyester needle-felt or glass fiber/felt tube preimpregnated with resin. The
preimpregnation process is usually done at the factory for quality control purposes.
Unsaturated polyester, vinyl ester, and epoxy resins are available, with unsaturated
polyester being the most widely used. These resins have a wide range of capability
allowing CIPP to be designed for specific applications, unlike other types of plastic
pipe, which have fixed properties. The fabric tube carries and supports the resin
until it is in the final position and cured. The fabric tube must withstand stresses
from installation and stretch to expand against irregularities within the existing pipe.
On the inner surface of the CIPP liner is generally a coating or membrane of
polyester, polyethylene, sutlyn, or polyurethane, depending on the type of
application. The membrane provides a low friction and hydraulically efficient inner
surface to the CIPP liner.

A variety of installation methods are available, including using water or air pressure
to invert the tube through the existing pipe or a winch to pull the tube through the
existing pipe (figure 22). When pressure is applied for rounding out the tube, the
saturated fabric stretches to conform to the inner surface of the existing pipe.
Although inversion is the preferred method of installation, winching may be pursued
in situations where sufficient water pressure is unavailable or scaffold towers
required for inversion are not practicable (USACE, 2001, p. 11). Combinations or
variations of these methods are sometimes used. Hot water or steam is used to heat
the resin and allow it to harden and cure after the liner has been formed within the
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Figure 21.—CIPP liner exiting from an existing
outlet works conduit, via the hydrostatic
inversion method.

existing pipe. Other curing methods are possible (i.e., UV and ambient), but typically
have not been used with embankment conduits. When completed, the CIPP process
forms at continuous tight-fitting, pipe-within-a-pipe containing no joints.

Many CIPP systems are available today. The primary differences between these
systems are in the composition and structure of the tube, method of resin
impregnation, installation procedure, and curing process (USACE, 1995, pp. 2-6).
Commonly used standards for specification and installation of CIPP are ASTM D
5813 and F 1216. CIPP is applicable for lining existing conduits with diameters
ranging from 4 to 132 inches. Maximum lengths of CIPP liners can exceed 1,000
feet. At the larger diameters, the weight and cost of the materials become significant
and the economics of the process may be adversely affected. Some mechanical
bonding of the resin to the inner pipe surface can occur in practice. Whether it is
effective in enhancing the structural performance of the CIPP liner depends to a
great extent upon the condition of the existing pipe (USACE, 1994, pp. 14-15).
Grouting of the annulus is typically not possible due to the small size of the gap
between the existing pipe and a propetly installed CIPP liner.

Fiberglass pipe is another type of thermoset plastic, but has had very infrequent use
in dam applications. Fiberglass pipe generally consist of two types, filament wound
and centrifugally cast. In the filament-wound process, glass fiber is drawn, and a
gelatinous or glutin like substance is applied. This substance helps protect the fiber
as itis wound onto a bobbin. The particular substance applied relates to the end use
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Figure 22.—Contractor installing a resin-soaked CIPP liner into an
existing outlet works. Installation begins by hauling the liner up to the
top of the platform. On the platform, water is run into the liner
causing it to pressurize and expand downward. As the liner reaches the
outlet works pipe opening, laborers on the ground maneuver the water
filled liner into the outlet works. Water pressure continues to cause
the liner to advance upstream in the outlet works pipe and un-invert
itself. Photo courtesy of Tetra Tech Inc.

of the pipe. The winding process takes place at a very high speed. In the centrifugal
casting process, materials are placed in multiple layers, building from the outside to
the inside using mold rotation. Centrifugally cast fiber reinforced polymer mortar

(CCFRPM) pipe is manufactured in this fashion.

The main advantage fiberglass pipe has over other types of plastic pipe is the
availability in larger diameters. Fiberglass pipe typically has standard designs up to
110 inches and nonstandard designs for larger sizes. Fiberglass pipe uses bell and
spigot joints and should only be used on low hazard potential dam applications. For
further guidance on the design of fiberglass pipe, see AWWA’s, Fiberglass Pipe Design
Manual (2005).

1.3 Common Uses for Plastic Pipe

Not all plastic pipe can be used in the same way within dams. This section discusses
some of the common applications of plastic pipe used in dam construction.
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1.3.1 HDPE

1.3.1.1 Solid wall and dual-wall containment pipe

Solid wall pipe is mainly used in nonpressurized sliplining applications for renovation
of existing outlet works conduits, construction of siphons, and the construction of
decants in tailings and slurry impoundments. Sliplining is a renovation method
where a new plastic pipe is pulled or pushed through the interior of an existing
embankment conduit (i.e., outlet works), forming a watertight barrier. HDPE pipe
has been used in sliplining of existing conduits since the early 1990’s. The annulus
between the new and existing pipes is typically filled with grout. HDPE pipe is an
inert material and as such is not subject to corrosion or deterioration, has a long
service life, and requires little maintenance. This is especially important in small
embankment conduits that are not easily renovated and cannot be easily inspected.
The Worster Dam case history in appendix B illustrates how a HDPE slipliner can
be used to renovate an outlet works. Dual-wall containment pipe is mainly used in
pressurized sliplining applications. Use of dual-wall containment pipe in dam
applications began after 2000. Figure 23 shows an example of HDPE dual-wall
containment pipe arriving at a job site.

The advantages of using solid wall or dual-wall containment HDPE pipe for new
construction and for renovation include:

 High strength and stiffness resists internal pressures and external loads, when
propetly designed.

* Lightweight material facilitates installation requiring less equipment and fewer
personnel. However, dual-wall containment pipe is roughly twice as heavy as
solid wall pipe.

* Resists corrosion and is not affected by naturally occurring soil and water
conditions. May be preferable in certain embankment conduit applications
where aggressive water or soil chemistry would limit the life of concrete or
metal pipe.

e Smooth interior surface reduces friction and resistance to flow.

e Smooth interior surface minimizes adherence of soluble encrustants (e.g.,
calcium carbonate).

e Minimizes biological growth and attack by microorganisms, such as bacteria and
fungi.

* Pipe joints can be butt fused, which provides a strong, watertight joint.
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Figure 23.—HDPE dual-wall
containment pipe arriving at a job
site.

* Good resistance to abrasion.
* Remains flexible at subfreezing temperatures.

The disadvantages of using solid wall or dual-wall containment HDPE pipe for new
construction and for renovation include:

» Has a higher coefficient of thermal expansion relative to other types of plastic
pipe, which can cause movement of the pipe, requiring the use of end restraints.

 Pipe can be damaged or deformed by construction and compaction equipment.

* Pipe can be displaced during compaction of earthfill against the pipe due to its
light weight.

» Heat fusion of pipe joints requires special equipment and a trained operator.

e Compaction of earthfill under the haunches of the pipe is difficult and labor

intensive.

* Due to concerns with internal erosion, a properly shaped, reinforced cast-in-
place concrete encasement is required for significant and high hazard potential
embankment dams to accommodate compaction of earthfill against the
embankment conduit.

¢ Combustible and can melt in fire situations.

For guidance on the design and construction of embankment conduits for new
installations and renovations, see chapters 2 and 3 in this document and FEMA’s
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Technical Mannal: Conduits through Embankment Dams (2005). For guidance on solid
wall pipe used in drainpipe applications, see chapters 4 and 5 of this document.
While solid wall HDPE pipe has occasionally been used in drainpipe applications,
dual-wall containment pipe has not been used for drainpipes.

1.3.1.2 Corrugated pipe

Corrugated HDPE pipe (single wall and profile wall) is most often used in
embankment dams for drainpipe applications, such as toe drains (figure 24). Single
wall corrugated pipe was first used for drainpipes in the early 1980’s. The use of
profile wall corrugated pipe began in the 1990’s. Plastic pipe for drainpipes has
largely replaced other pipe materials including clay tile, corrugated metal, and cast
iron. Most designers prefer profile wall corrugated pipe over single wall pipe due to
its higher wall strength and smoother interior. Also, CCTV inspection has shown
the existence of structural integrity issues with single wall pipe (see section 6.2).
Underground installation of corrugated pipe should follow the guidance in ASTM
D 2321 and manufacturers’ instructions.

The advantages of using HDPE corrugated pipe for a drainpipe include:

 Lightweight material facilitates installation requiring less equipment and fewer
personnel.

* Resists corrosion and is not affected by naturally occurring soil and water
conditions.

» Smooth interior surface of profile wall pipe reduces friction and resistance to
flow.

» Minimizes biological growth and attack by microorganisms, such as bacteria and
fungi.

» Remains flexible at subfreezing temperatures.
The disadvantages of using HDPE corrugated pipe for a drainpipe include:

 Corrugated interior surface of single wall pipe will result in lower discharge
capacity (use of profile wall pipe avoids this problem).

* Interior surface corrugations can trap sediments and allow biofouling to
develop (use of profile wall pipe avoids this problem).

e Interior surface corrugations are more difficult to clean (use of profile wall pipe
avoids this problem).
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Figure 24.—A toe drain being constructed using profile wall corrugated
HDPE pipe.

Pipe can be damaged or deformed by construction and compaction equipment.

Pipe can be displaced during compaction of earthfill against the pipe, due to its
light weight.

e Compaction of earthfill under the haunches of the pipe is difficult and labor
intensive.

Combustible and can melt in fire situations.

For guidance on the design and construction of drainpipes, see chapters 4 and 5.

1.3.2 PVC

PVC pipe was first introduced to North America in the early 1950’s. However, use
of PVC pipe did not appear in dam applications until about the early 1970s.

Nonpressure PVC pipe is often used in dam applications for drainpipes. Some
pressure rated pipe has been used for embankment conduits in low hazard potential
dams and for siphons (figure 25). However, PVC pipe should not be used in
significant and high hazard potential dams for embankment conduits. Primary
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Figure 25.—A temporary siphon constructed using PVC pipe. This
siphon is being used for short term operation.

concerns involve the potential for leakage of the bell and spigot joints due to
foundation movement.

The advantages of using PVC pipe for embankment conduits in low hazard potential
dams and drainpipes include:

* High strength and stiffness resists internal pressures and external loads when
propetly designed.

* Lightweight material facilitates installation, requiring less equipment and fewer
personnel.

e Resists corrosion and is not affected by naturally occurring soil and water
conditions. May be preferable in certain applications where aggressive water or
soil chemistry would limit the life of concrete or metal pipe.

e Smooth interior reduces friction and resistance to flow.

» Smooth interior surface minimizes adherence of soluble encrustants (e.g.,
calcium carbonate).
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» Minimizes biological growth and attack by microorganisms, such as bacteria and
fungi.

» Higher beam strength than HDPE pipe helps alignment and grade control
during installation.

» Greater modulus of elasticity than for HDPE pipe. This allows for thinner
sections of pipe to be used for the same conditions when propetly designed.

The disadvantages of using PVC pipe for embankment conduits in low hazard
potential dams and drainpipes include:

e More potential leak points at bell and spigot joints since joints are located every
10 to 20 feet.

* Susceptible to impact during cold weather and requires reasonable care.

* Susceptible to extended UV exposure resulting in reduced resistance to impact
and gradual decline in pipe strength. However, providing an opaque surface
between the sun and pipe prevents UV degradation. Burial provides complete
protection.

* Pipe can be damaged or deformed by construction and compaction equipment.

* Pipe can be displaced during compaction of earthfill against the pipe, due to its
light weight.

e Compaction of earthfill under the haunches of the pipe is difficult and labor
intensive.

* Limited resistance to cyclic loading under very high stress amplitudes.
For guidance using PVC pipe in the design and construction of drainpipes, see
chapters 4 and 5. For guidance on design and constructions of conduits, see

chapters 2 and 3 in this document and FEMA’s Technical Mannal: Conduits through
Embankment Dams (2005).

1.3.3 CIPP

CIPP has been successfully used in renovating of deteriorated embankment conduits
since about the mid-1990’s. However, the use of CIPP has been relatively small
compared to other applications using thermoplastic pipe.
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The advantages of using CIPP lining for embankment conduits include:

* Resists corrosion and is not affected by naturally occurring soil and water
conditions. May be preferable in certain conduit applications where aggressive
water or soil chemistry would limit the life of concrete or metal pipe.

e Smooth interior surface reduces friction and resistance to flow.

e Smooth surface minimizes, adherence of soluble encrustants (e.g., calcium
carbonate).

e Minimizes biological growth and attack by microorganisms, such as bacteria and
fungi.

The disadvantages of using CIPP lining for embankment conduits include:

 High material and installation costs require a trained crew with special
equipment.

* Not suited for conduits with significant bends or changes in diameter.

For guidance on the use of CIPP in embankment conduit renovation applications,
see chapter 12 in FEMA’s Technical Manual: Conduits throngh Embankment Dams
(2005). CIPP has not typically been used for drainpipe applications.

1.4 Design Life

Plastic pipe has many desirable characteristics. Unlike metal and concrete pipe,
which can deteriorate over time from galvanic or chemical corrosion, plastic pipe
does not rust, rot, or corrode. Aggressive soils do not affect plastic pipe, and it
tolerates subzero temperatures well. Plastic pipe was introduced to the United States
in about the 1950’s, but its use in embankment dam applications did not begin until
about the mid 1970’s. The long-term performance of plastic pipe, like any pipe
product, depends primarily on the quality of the installation. Excessive deflection of
flexible pipe caused by inadequate compaction of the backfill material in the haunch
area and at the sides of the pipe affects the long-term performance of the pipe. The
plastic pipe industry has addressed other factors affecting design life by updating and
improving materials. Current ASTM standards for plastic pressure pipe require use
of high quality plastic materials that are designed for long-term performance under
field conditions. Pipe manufacturers are continuously testing and evaluating their
products in accordance with ASTM procedures to ensure the long-term strength and
performance.
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The design life for HDPE pipe in pressure service is based on the hydrostatic design
basis testing for thermoplastic pipe (ASTM D 2837) and provides for a factor of
safety of 2.0. Solid wall HDPE pressure pipe and corrugated HDPE pipe have
significantly different properties and are not generally used in the same applications
nor designed in the same way. The base resins used to manufacture these pipes are
normally different. Polyethylene pipe resin is identified by an ASTM Material
Designation Code or grade. Pressure pipe base resin material has a Cell Class of
345464C or higher as designated in ASTM D 3350. ASTM D 3350 resin cell
classification provides the means for identification, close characterization, and
specification of material properties for polyethylene. This is a modern improved
material and provides the longest life available for pipe in pressure flow applications.
Current ASTM standards allow manufacturing of corrugated pipes with base resin
materials having a cell classification of 323410C or 333410C. AASHTO
requirements for corrugated pipes generally require better resistance to long-term
stress than specified by ASTM. In some cases, corrugated pipe can be manufactured
with materials similar to those used for pressure pipes.

Manufacturers have used accelerated testing and statistical prediction methods to
determine the expected life expectancy of plastic pipe. The basis recommendation
for the design life of plastic pipe is 50 years. The Plastic Pipe Institute cites a recent
report (PPI, 2003) that there is justification for assuming a greater design service life
for corrugated polyethylene pipe when propetly installed and used for gravity flow
end-use applications. The PPI report pertains only to corrugated HDPE pipe that is
gravity flow and operates primarily in compression. However, there is no uniformly
accepted agreement concerning design life exceeding 50 years. The Florida
Department of Transportation has initiated a program to verify the design life of
corrugated polyethylene pipe (Hsuan and McGrath, 2005, and Hsuan, Zhang, and
Wong, 2006). The study pertains only to corrugated HDPE pipe used in gravity flow
applications that operate primarily in compression stress (i.e., low demand because
slow crack growth is a tension failure mode). Pressure pipe operates primarily under
tension and therefore requires polyethylene resins with a hydrostatic design basis
(HDB) rating.

HDPE pipe resins have differing amounts of stress crack resistance (SCR). A
number of early drainpipe failures have occurred in single wall corrugated pipes.
These failures are often attributed to the effects of environmental stress cracking
(ESC) (also called slow crack growth). This phenomenon can occur during the
handling and installation of HDPE pipe or under long-term service loads. The
HDPE pipe could be gouged, scratched, kinked, or stressed resulting in a weak spot
on the pipe wall and subsequent cracking. Failures from ESC tend to be due to the
development of cracks in areas of tensile stress that slowly grow and propagate over
time. Specifying HDPE pipe made with ASTM D 3350 cell classification 345464C
grade resin provides the highest level of resistance to slow growth cracking and can
virtually negate the possibility of this type of failure. This ensures a virgin, high
grade resin that has been found highly resistant to environmental stress cracking.
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The cell classification designated in the applicable product specification identifies the
stress crack requirement. The product design and end-use applications determine
the required stress crack requirement. The stress crack or notched constant ligament
stress (NCLS) requirement designated in the applicable product specification have
been established to insure that the HDPE resin provides the highest level of stress
crack resistance for the intended end-use application for the pipe. Other grades of
resin often contain some percentage of low grade recycled resins. The designer
should be aware that ASTM cell classifications have changed over time and ASTM
D 3350 should always be consulted for current classification designations. For
additional information concerning resistance to slow growth cracking, see AWWA’s
PE Pipe — Design and Installation (2000).

The Bureau of Reclamation recommends that corrugated polyethylene pipe used in
embankment dams comply with the requirements specified in AASHTO M252 (3- to
10-inch diameter), AASHTO M294 (12- to 60-inch diameter), or ASTM F 2306 (12-
to 60-inch diameter). AASHTO M252 specifies an ESC resistance requirement and
AASHTO M294 and ASTM F 23006 specify a notched constant ligament stress
requirement for the resins used to manufacture the larger diameter products. In
addition, an ESC resistance requirement is specified for the finished product in both
the AASHTO and ASTM product specifications. Additional research may be
necessary to determine if a higher stress-crack-resistant resin should also be required
in smaller diameter pipe (see chapter 8, research need PM-7).

Research has shown that the actual performance of plastic pipe has exceeded the
performance predicted by the long-term pressure tests more than 60 years ago.
(Hulsmann and Nowack, 2004, p.8) reported that the extrapolation of 10,000-hour
pressure testing is conservative and the actual service life of PVC pipe is likely to be
greater than 50-years. Utah State University conducted an extensive survey of
utilities in 1994 to evaluate performance of PVC in both gravity and pressure
applications (Moser, 2001). The study showed that 50 percent of all problems
occurred within the first year. Material-related long-term problems are few and are
decreasing with time, which indicates that the problems are not a result of aging.

Although much has been written regarding the projected design life for plastic pipe,
there is general agreement that 50 years is a conservative estimate. As discussed in
section 1.1, the performance history of plastic pipe used in embankment dam
applications has been limited. Therefore, a number of research items are proposed
in section 8.1.1 (PM-7 through PM-6) to further evaluate the use of plastic pipe in
dams. The designer should consider all aspects of the project, installation
conditions, end-use application, product specifications compliance, and established
codes of practice when designing for a design life of more than 50 years. If high
quality materials are used in the manufacture of plastic pipe and installation is
performed in compliance with established codes of practice, a design life exceeding
of 50 years may be possible.
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Loading Conditions

Embankment conduits and drainpipes are subjected to stresses and strains from
external and internal loadings. External loads can include the soil above the pipe,
vehicular loads, external hydrostatic pressure, and vacuum pressure. Internal loads
can include fluid pressure and water hammer. This chapter discusses the
determination of the various loadings on plastic pipe. Chapter 3 discusses the
structural design principles necessary to accommodate these loadings.

2.1 Soil Loading

Many classic references have used the terms ‘buried conduit’ or ‘conduit’ when
discussing loading conditions. In embankment dam applications, the term ‘buried
conduit’ or ‘conduit’ often is interpreted to mean either embankment conduits (i.e.,
outlet works, siphon) or drainpipes. Generally, for significant and high hazard
potential dams, embankment conduits constructed of plastic pipe are encased in a
propetly shaped reinforced cast-in-place concrete section to facilitate compaction of
earthfill against the conduit. However, in some low hazard potential dams, the pipe
may or may not be encased in concrete. Discussions in chapter 2 primarily focus on
the application of load on plastic pipe assuming no concrete encasement. Figures 27
through 34 are intended only to illustrate the principles involved with soil loads on
buried pipe. However, these figures do not present all the required details for the
proper design of conduits within embankment dams. The discussions presented in
this chapter are best suited for applications involving conduits within low hazard
potential dams or renovation (i.e., sliplining) where no support from the existing pipe
or conduit is typically assumed. See section 3.5.2.2, for discussion of the reinforced
concrete encasement as it relates to plastic pipe. For further design and construction
guidance for conduits within significant or high hazard dams, see FEMA’s Technical
Manual: Conduits through Embankment Dams (2005). To conform with commonly used
terminology whenever possible in this chapter, the terms ‘buried conduit’ and
‘conduit’ will be used interchangeably with ‘buried pipe’ and ‘pipe.’

Loads applied to buried conduits consist of dead and live loads. Dead loads are

generally permanent, consisting of the soil above the conduit. Live loads, such as
construction loadings (section 2.3), may or may not be permanent. Estimated soil
loads on buried conduits have historically been computed using the Marston load
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theory. Soil loads may also be computed by the soil prism theory. The differences
in these loading theories are as follows:

o Marston load theory.—This theory considers the transfer of load to or from the
soil directly above the buried conduit due to the relative settlement between the
soil directly above the conduit and the adjacent soil. The vertical load is made
up of two parts: (1) the weight of the soil element directly over the buried
conduit and (2) frictional forces acting either upward or downward on the sides
of the soil column. If the soil on the sides of the column settles due to
compressible soils or foundation, poor compaction, or other causes, downward
friction forces will develop on the soil column. When this occurs the pressures
on the buried conduit is greater than just the weight of the soil column above it.
If the soil in the column above the buried conduit settles more than the
surrounding soil or if a compressible foundation allows the conduit to move
downward or if the conduit deflects vertically, upward friction forces will
reduce pressures on the conduit. Illustrations of the relative load transfer are
shown in this section (figures 28, 29, and 30).

o Soil prism theory.—The soil prism theory is considered the simplest method for
determining vertical earth soil loading above a buried conduit. This method
assumes no load is transferred to or from the prismatic soil column directly
above the buried conduit and includes only the load from the entire soil column
directly above the conduit (figure 34).

The designer should be aware that full load transfer onto the buried conduit may
require months or even years and might not be realized until after construction is
completed. However, both theories of soil loading presented in this document are
only estimates of the soil loadings on the buried conduit. The designer should
always consider the range of possible soil loadings based on the potential range of
each of the parameters included in the soil load computations. Additional discussion
of the Marston load and soil prism theories is included in this and the following
sections. Recommendations for the soil load method to use are provided in section
2.1.1 and 2.1.2 with further recommendations provided in table 9 in section 3.5.6.

Classifying buried conduits is required to compute soil loads using the Marston
theory. Figure 26 shows the classification of buried pipe with additional details
provided in figures 27 through 33. Additional guidance on buried conduit
classification is available in Spangler and Handy’s Soi/ Engineering (1982).

Figures 27 through 35 show circular pipes in a discussion of loading conditions for
plastic pipes, which are ordinarily circular in cross section. Other sections of this
document caution against using circular pipes in significant and high hazard potential
embankment projects because attaining intimate contact with the surrounding
embankment soils is difficult with circular pipes. Circular pipes used in embankment
dams require special considerations. A filter diaphragm as discussed in chapter 6 of
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( Buried Conduit )
[
[ I
[Trench Conduit ) (Projecting Conduitj
I

| Induced Trench
[Positive Projecting) (Negative Projectingj Conduit

(Projectiun Condition) El'rench Condition] (Complete Trench] (Incomplete Trench]

Complete Condition] Complete Condition)

Incomplete Condition] Incomplete Condition]

Figure 26.—Classification of buried conduits for the Marston theory (Spangler and Handy’s
Soil Engineering, 1982). Note: Use of incomplete trench and special case should not be
used for embankment dam applications.

FEMA’s Technical Mannal: Conduits through Embankment Dams (2005) should always be
used. Encasing plastic conduits in a cross section of concrete with a battered shape
avoids the problems of compacting soil under the haunches of a circular conduit.
An example of a good cross section for encasements is shown in figure 46, chapter 4
of the 2005 FEMA Technical Manual. Precautions discussed in section 3.8.8 are
important for plastic conduit encasements.

Trench conduits are installed in a relatively narrow trench in passive or undisturbed
soil and backfilled to the ground surface, as shown in figure 27. The consolidation
and settlement of the backfill along with the settlement of the conduit cause the
backfill soil to move downward relative to the soil at the side of the trench. Some
load is transferred from the backfill soil to the trench sidewalls due to friction. A
drainpipe buried beneath the natural ground/foundation sutface is often considered
a trench conduit depending on the width and side slopes of the trench excavation.
Embankment conduits should not be installed as trench conduits because of the
potential for seepage in the zone where reduced stresses and hydraulic fracture can
occut.

Projecting conduits consist of those covered by fill material, such as embankment
conduits. According to the Marston load theory, projecting conduits may be positive
projecting or negative projecting. Positive projecting conduits are installed with the
pipe projecting above the ground surface or compacted fill, with fill placed around
and above the pipe. Positive projecting conduits are most typical for conduits
through embankment dams and include conduits placed in wide or sloped-back
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Figure 27.—Trench conduit. Backfill soil
moves downward relative to the soil at
the side of the trench. A drainpipe buried
beneath natural ground is an example of a
trench conduit. (Note: A trench conduit
should not be used for an embankment
conduit.)

trenches. An outlet works conduit, spillway conduit, penstock, buried siphon, or
drainpipe installed within an embankment drain or filter are considered projecting
conduits.

A positive projecting conduit may be in a projection condition or trench condition.
If the exterior prisms settle more than the interior prism, as shown in figure 28, load
is transferred from the exterior prisms to the interior prism, and a projection
condition exists. The soil load on the conduit in a projection condition is greater
than the weight of the fill above the conduit (soil prism load). This is caused in part
by the loads from the exterior prisms as they deform being transmitted by soil
shearing stresses to the interior soil prism. This increases the downward force
applied to the pipe. This is sometimes referred to as negative or reverse arching.
This often happens with rigid pipe because it undergoes only small deformations
when loaded. If the interior prism settles more than the exterior prisms, as shown in
figure 29, due to yielding foundation conditions or deflection of the pipe, a trench
condition exists. The soil load on the conduit in the trench condition is typically less
than the weight of the fill above the conduit (soil prism load). A flexible conduit that
is installed as projecting conduit is typically considered a projecting conduit in the
trench condition since the deflection of the conduit causes the interior prism to settle
more than the exterior prisms.
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Top of embankment/ill Top of embankment/fill

Figure 28.—Positive projecting conduit in a Figure 29.—Positive projecting conduit in a
projection condition. The pipe is installed trench condition. If the foundation is yielding
above the ground surface or compacted fill, or the conduit deflects, the interior prism
with fill placed around and above the settles more than the exterior prisms. The
conduit. The exterior prisms settle more soil load on the conduit is less than the

than the interior prism, causing load to be weight of the soil above it. A drainpipe in an
transferred to the interior prism. An embankment dam is an example of a positive
embankment conduit is an example of a projecting conduit in a trench condition.
positive projecting conduit in projection (Note: This figure is not intended to show all
condition. (Note: This figure is not intended the design details required.)

to show all the design details required.)

Negative projecting conduits are installed in shallow trenches, such that the top of
the pipe is below the natural ground or compacted fill and backfilled and covered
with fill material, as shown in figure 30. The soil load on a negative projecting
conduit is less than that on a positive projecting conduit and typically less than the
weight of the fill above the conduit (soil prism load). A negative projecting conduit
may apply to a conduit through an embankment dam that is set in a narrow valley or
foundation excavation, or to a drainpipe buried in the foundation beneath the
embankment dam. However, good design practice requires embankment conduits
and drainpipes not to be constructed as negative projecting conduits because soil
arching above the conduit (figure 31) can cause potential seepage paths through the
embankment. Arching can occur in all soils that have an internal angle of friction
greater than zero. This includes all granular soils and most fine grained soils in the
drained state. Arching is the result of grain-to-grain contact of the soil particles and
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Top of embankment/fill Top of embankment/fill

Limit of excavation

Figure 31.—Arching action of a negative
projecting conduit. Negative projecting
conduits should not be used for embankment
conduits. For an embankment conduit, an
excavation with 2:1 side slopes or flatter
should be used. This causes the conduit to
behave as a positive projecting conduit.
(Note: This figure is not intended to show all
the design details required.)

Figure 30.—Negative projecting conduit.
The pipe is installed in a shallow trench such
that the top of the pipe is below natural
ground or compacted fill, and then covered
with fill material. Negative projecting
conduits should not be used for embankment
conduits or drainpipes (Note: This figure is
not intended to show all the design details
required.)

is a form of shear resistance. Arching is as stable and permanent as other forms of
shear resistance (Petroff, 1990, p. 280).

Arching of the soil above the conduit can result in reduced lateral effective stress. If
water pressure exceeds this stress, hydraulic fracture can occur, allowing internal
erosion to develop. See chapter 5 in FEMA’s Technical Manual: Conduits through
Ewmbankment Dams (2005) for further discussion on hydraulic fracture. To avoid
installing a negative projecting embankment conduit, use a trench with at least 2 to 1
(horizontal to vertical) or flatter side slopes (figure 31). The conduit will behave as a
positive projecting conduit.

Positive projecting and negative projecting conduits are further divided into
complete and incomplete conditions (figure 26). The transfer of load from exterior
prisms to the interior prism and vice versa causes different strains in the interior and
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exterior prisms. At some point above the conduit the accumulated strain and
settlement in the exterior prisms will equal that of the interior prism. This is defined
as the plane of equal settlement. Above the plane, the interior and exterior prisms
settle equally, and no shear or friction forces are transferred between the prisms. A
complete condition exists when the embankment height is less than or equal to the
height of the plane of equal settlement, as shown in figure 32. An incomplete
condition exists when the embankment height is greater than the height of the plane
of equal settlement, as shown in figure 33. Most concrete-encased embankment
conduits are in the incomplete condition. At some height of fill above the pipe, but
before the top of the embankment, the interior and exterior prisms are settling the
same.

A summary of the classifications of buried conduits is shown in table 1. A thorough
understanding of table 1 is crucial for any buried conduit design. The difference in
“projecting conduits” and “trench conduits” and “projection condition” and “trench
condition” must be understood. The terms “projecting conduits” or “trench
conduits” refer to a classification based on construction methods while “projection
condition” or “trench condition” refers to a subclassification based on relative
settlements of a positive projecting conduit.

The range of potential soil loading on the buried conduit should be determined using
the potential range of total unit weight of the soil. The soil prism load is not
recommended for a projecting conduit in the projection condition, since settlement
of the exterior prisms cause additional load on the interior prism that would be
ignored using the prism theory. Thus, projecting conduits in a projection condition
are typically designed using the Marston load theory. Conduits through embankment
dams should be designed as shown in chapter 3, table 9. The effects of arching are
typically ignored in computing the loading using the prism theory as a conservative
measure. The soil prism theory typically estimates a greater (more conservative) soil
load than that estimated from the Marston load theory for trench conduits,
projecting conduits in a trench condition, or negative projecting conduits and should
be used for these pipe classifications. Trench conduits should not be used for
embankment conduits. The soil prism load theory is discussed in section 2.1.1. The
Marston load theory is discussed in section 2.1.2 and by Spangler and Handy (1982).

2.1.1 Soil prism load for trench conduits, positive projecting conduits in the
trench condition, and negative projecting conduits

The soil load on trench conduits, positive projecting conduits in the trench

condition, and negative projecting conduits is determined by the soil prism theory as
shown in figure 34 and the following equation:

P =yH 2-1)
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Chapter 2—Loading Conditions

Top of embankment/fill

Plane of equal settiement

Top of embankment/fill

—T—>
— T —>
T —>

Figure 32.—Complete condition. The Figure 33.—Incomplete condition. The
complete condition exists when the fill incomplete condition exists when the fill
height (H) is less than or equal to the height height (H) is greater than the height to the
to the plane of equal settlement (H,). plane of equal settlement (H,). (Note: This
(Note: This figure is not intended to show all figure is not intended to show all the design
the design details required.) details required.)

where:

P, = pressure due to weight of soil on top of pipe, Ib/ft’

¥ = total unit weight of soil, Ib/ft’
H = height of soil above the top of the pipe, ft

2.1.2 Marston load for positive projecting conduits

The soil load on a positive projecting conduit may be computed by:

W.=C.yD,’ (2-2)

where:
W, = soil load, Ib/linear foot of pipe
C, = positive projection load coefficient
y = total unit weight of soil, Ib/ft’
D, = outside diameter of the pipe, ft

C, depends on whether the buried conduit is in the projection or trench condition
and in the complete or incomplete condition.
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Top of embankment/fill

Figure 34.—The soil prism load is the weight
of the soil directly above the conduit. (Note:
This figure is not intended to show all the
design details required.)

The positive projection load coefficient, C,, is defined as:

ol
C =2~ when H < H (complete condition) (2-3)
2Ku
or
ol
0) _ 2Ku| —=
C = €—1+ H_H e [D“] when H > H, (incomplete condition)  (2-4)
2K u D, D,
where:

C. = positive projection load coefficient
¢ = base of natural logarithms, 2.7183
K = Rankine’s active lateral earth pressure coefficient, (tan*(45°-¢/2))
M = coefficient of friction (between backfill and sides of trench), tan @
@ = effective friction angle of backfill
H = height of soil above the top of the pipe, ft
H, = height of plane of equal settlement above the top of the pipe, ft
D, = outside diameter of the pipe, ft
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The height to the plane of equal settlement, H,, may be determined by the following
equation developed by Spangler (Spangler and Handy, 1982) (The solution for H,
requires an iterative procedure):

2-5)

TuP—
2Kku D, D, D, D,

where:
K = Rankine’s active lateral earth pressure coefficient, (tan*(45-¢/2))
M = coefficient of friction of fill material, tan @
¢ = effective friction angle of backfill
H = height of soil above the top of the pipe, ft
D, = outside diameter of the pipe, ft
H, = height of plane of equal settlement above the top of the pipe, ft
r,, = settlement ratio (table 2)
P = projection ratio, as defined by figure 35, p is computed based on the
dimensions of the installation
¢ = base of natural logarithms, 2.7183

Note: The value of Ky is limited to 0.19 for a projection condition.

Recommended design values for the settlement ratio (r,,) are provided in table 2.
These values are used to determine the Marston load on positive projecting conduits.
The settlement ratio is a function of the type of installation and foundation
condition.

Table 2.—Design values for the settlement ratio, ry

Settlement ratio, ry

Installation and foundation condition

Range Design value
Positive projecting Rock or unyielding 1.0 1.0
conduit in projection  soil
condition
Dense/well 0.5-0.8 0.7
compacted soil*
Loose/poorly 0.0-0.5 0.3

compacted soil

* The value of the settlement ratio is a function of the degree of compaction of the fill
material adjacent to the pipe.
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Top of embankment/fill

'Fuundatlnn =

Figure 35.—Projection ratio, p = depth of the foundation material below
the top of the conduit divided by the outside diameter of the pipe (Do).
(Note: This figure is not intended to show all the design details required.)

Figure 36 provides values for the positive projection load coefficient, C., for various
values of the product of the settlement ratio, 7, and the projection ratio, p. Since the

effect of 1 is minimal, K is assumed to be 0.19 for the complete projection
condition and 0.13 for the complete trench condition in figure 36.

The pressure on the top of the pipe may be determined by:

p =" 2-6)
DO

where:

P, = pressure due to the weight of soil on top of the pipe, Ib/ft’
W, = soil load, Ib/linear foot of pipe (see equation 2-2)
D, = outside diameter of the pipe, ft

The range of potential soil loading on the conduit should be determined using the
potential range of parameters, such as the total unit weight of the soil, settlement
ratio, and projection ratio. Example A-2 in appendix A compares soil loading using
both the Marston and prism theories.

2.1.3 Increase in soil loading due to a dam raise

The height of an embankment dam may be increased to provide additional flood
protection or to enlarge the reservoir. The soil loading resulting from a dam raise
may not be the same soil load as a dam originally constructed to the new height. The
existing embankment and foundation will have experienced some, if not all, of the
consolidation from the original embankment construction. The increase in soil load
may be determined by finite element programs, (see section 3.1), or estimated using
the following equation based on the stress distribution of an infinite footing:
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Figure 36.—Values for the positive projection load coefficient (C,).

_AHyz,
t,+H,

AP

5

(2-7)

where:
AP, = increase in soil loading due to a dam raise, b/ ft*
AH = increase in dam height, ft
y = total unit weight of the soil, Ib/ft’
¢, = top width of existing dam crest, ft

w

H; = initial height of existing dam, ft

2.2 Hydraulic Loading

Embankment conduits may experience hydraulic loading from internal hydrostatic
pressure, surge pressure, internal vacuum pressure, or external hydrostatic pressure.
Drainpipes are assumed to operate in a nonpressurized condition and typically do
not experience this type of loading.

45



Plastic Pipe Used in Embankment Dams

2.2.1 Internal hydrostatic pressure

Internal hydrostatic pressure must be resisted by tensile
stress (hoop stress) in the pipe walls, as shown in

figure 37. The internal hydrostatic pressure is typically

I I I I I I I I I I I '[ '[ I no more than the pressure due to the full reservoir head.

Internal
~__pressure, P

Resisting As with internal hydrostatic pressure, surge pressure
forces must also be resisted by tensile stress (hoop stress) in the
pipe walls. Surge pressure (water hammer) occurs when
Figure 37.—Internal the flow velocity in th§ pipe is suddenly stopped or
hydrostatic pressure. changed. When flow is suddenly stopped, the mass
inertia of the flowing water is converted into a pressure
wave or high static head on the pressure side of the pipe. Some of the most
common causes of surge pressure in an embankment conduit occurs during the
opening and closing of gates or valves, starting and stopping pumps, or entrapped
air.

Surges may generally be divided into two categories: transient surges and cyclic
surges. Transients are described as the intermediate conditions that exist in a system
as it moves from one steady state condition to another. Cyclic surging is a condition
that recurs regularly with time. Plastic pipe may eventually fatigue if exposed to
continuous cyclic surging at sufficiently high frequency and stress.

Recurring surge pressures occur frequently and are inherent to the design and
operation of the system (such as normal pump startup or shutdown and normal gate
ot valve opening and closure). Occasional surge pressures are caused by emergency
operations. Occasional surge pressures are usually the result of a malfunction, such
as power failure or system component failure, which includes pump seize-up, gate or
valve-stem failure, and pressure-relief-valve failure.

The pressure wave caused by the surge travels back and forth in the pipe, getting
progressively lower with each transition from end to end. The magnitude of the
pressure change caused by the surge pressure wave depends on the elastic properties
of the pipe and water as well as the magnitude and speed of the velocity change. The
maximum surge pressure is equal to:

aAl”
AH = (2-8)
g
or
all” vy
APp="" v ]
g 144 2-9)
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where:
AH = surge pressure, feet of water
a = velocity of the pressure wave, ft/s
A1” = change in velocity of water, ft/s
g = acceleration due to gravity
=322 ft/s*
AP = surge pressure, Ib/in®
¥, = unit weight of water, Ib/ft’
= 62.4 1b/ft’

The maximum surge pressure results when the time required to stop or change the
flow velocity is equal to or less than (2I./a) such that:

s ) o

where:
T = critical time, s
L. = distance within the pipe that the pressure wave moves before it is
reflected back by a boundary condition, ft
a = velocity of the pressure wave, ft/s

The velocity of the pressure wave, 4, may be estimated by

12 &
y= P 2-11)
)
E /
or
12
a:
(2-12)
v 1,D
g\ K, Er
where:

K, = bulk modulus of water, Ib/in”
= 300,000 Ib/in’
P = density of water, slugs/ft’
= 1.93 slugs/ft’
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E = modulus of elasticity of pipe material, Ib/in” (140,000 Ib/in” for HDPE,
and 400,000 1b/in® for PVC. Note: The modulus of elasticity for
surge/water hammer analysis is conservatively assumed to be
higher than the value used for buried pipe analysis.)

D, = inside diameter of the pipe, in

¢t = wall thickness of the pipe, in

Y. = unit weight of water, b/ ft’

= 62.4 Ib/ft’

g = acceleration due to gravity, ft/s’
=32.2 ft/s’

For solid wall plastic pipe, the velocity of the pressure wave, 4, may be expressed as:

12 /ﬁ
a= P (2-13)

\/H_K,‘(SDR—Z)
E

or

_ 12
a= (2-14)
Y L+ SDR -2
g\ K E
where:

K, = bulk modulus of water, Ib/in’
= 300,000 Ib/in’
P = density of fluid, slugs/ft’
= 1.93 slugs/ft’
SDR = Standard Dimension Ratio
=D,/t
D, = outside diameter of the pipe, in
¢ = minimum wall thickness of the pipe, in
E = modulus of elasticity of pipe material, Ib/in* (140,000 1b/in” for HDPE,
and 400,000 1b/in* for PVC. Note: The modulus of elasticity for
surge/water hammer analysis is conservatively assumed to be
higher than the value used for buried pipe analysis.)
¥, = unit weight of water, Ib/ft’
= 62.4 1b/ft’
g = acceleration due to gravity, ft/s’
= 32.2 ft/s’
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The term “standard dimension ratio (SDR)” is widely used in the plastic pipe
industry. SDR is sometimes used interchangeably with the term “dimension ratio
(DR).” Both terms refer to the same ratio, which is a dimensionless term that is
obtained by dividing the average outside diameter of the pipe by the minimum pipe
wall thickness. These ratios were developed out of convenience rather than out of
necessity. They have been established to simplify standardization in the specification
of plastic pipe internationally. Since these define a constant ratio between outer
diameter and wall thickness, they provide a simple means of specifying product
dimensions to maintain constant mechanical properties regardless of pipe size. In
other words, for a given SDR or DR, pressure capacity and pipe stiffness remain
constant regardless of pipe size.

2.2.2 Internal vacuum pressure

Embankment conduits may be subject to an effective
external pressure because of an internal vacuum pressure,
P,.. Sudden valve closures, shutoff of a pump, or
drainage from high points Withil’.l the system often creates Internal
a vacuum. Embankment conduits (e.g., outlet works and vacuum
siphons) are subject to internal vacuum pressures pressure
(figure 38) if they are not adequately vented. I