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Foreword

This foreword is for information only and is not a part of AWWA C304.

I. Introduction.

LA. Background. This standard establishes the mandatory minimum require-
ments for the structural design of prestressed concrete cylinder pipe (PCCP) and
provides procedures that will ensure that the design requirements are satisfied.

There are two types of PCCP: (1) lined-cylinder pipe (LCP) with a core composed
of a steel cylinder lined with concrete which is subsequently prestressed with
high-tensile wire wrapped directly on the stcel cylinder; and (2) embedded-cylinder
pipe (ECP), with a core composed of a steel cylinder encased in concrete which is
subsequently prestressed with high-tensile wire wrapped on the exterior concrete
surface. The cores of both types of pipe are coated with portland-cement mortar.

Before the procedures and requirements contained in this document were
developed, the design of PCCP was determined by two distinet procedures. These are
designated methods A and B described in Appendixes A and B of American National
Standards Institute/American Water Works Association (ANSI'/AWWA) C301-84,
Standard for Prestressed Concrete Pressure Pipe, Steel-Cylinder Type for Water and
Other Liguids.

Method A used a semiempirical approach based on (1) W,, which is nine-tenths
of the three-edge bearing test load that causes incipient cracking; and (2) the
theoretical hydrostatic pressure P,, which relieves the calculated residual compres-
ston in the concrete core as a result of prestressing. The allowable combinations of
three-edge bearing load and internal pressure were determined by a cubic parabola,
passing through W, and P, which defined the limits of these combinations. The
three-edge bearing loads used in method A were converted to earth loads and
transient external loads using bedding factors provided in AWWA Manual M9,
Concrete Pressure Pipe (1979) and by ACPAT Concrete Pipe Design Manual (1988).

Method B was based on a procedure that limited the maximum combined net
tensile stress in pipe under static external load and internal pressure to a value
equal to.7.5\/}_fc_', where f = the 28-day compressive strength of core concrete in
pounds per square inch (0.62V/,, where £ = the 28-day compressive strength of core
concrete in MPa),

Both design methods limited the working pressure for ECP to P, and to 0.8P7,
for LCP, where P, was the internal pressure required to overcome all compression in
the core concrete excluding external load. Under transient conditions, such as those
produced by surge pressures and live loads, both methods permitted increased
internal pressure and external load.

Although the two methods of design produced similarly conservative results
that served PCCP users well for nearly half a century, a unified method of design,
described in this standard, was developed to replace methods A and B.

The following objectives for the unified design procedure were established:

*American National Standards Institute, 11 W. 42nd St., New York, NY 10036.

tAmerican Concrete Pipe Association, 222 West Las Colinas Blvd., Suite 641, Irving, TX
75039.
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1. It should replace both existing methods, the semiempirical method A and
the working stress method B, described in ANSI/AWWA C301-84.

2. It should be based on state-of-the-art procedures for the design and analysis a*
of concrete and prestressed concrete structures.

3. It should account for the state of prestress in the pipe, as well as the
combined effects of external loads, pipe and fluid weights, and internal pressures.

4. It should agree with the results of 40 years of experimental data gathered
by the American concrete pressure-pipe industry.

5. It should preclude the onset of visible cracking under working plus
transient conditions.
6. It should provide adequate safety factors based on elastic and strength limit
states. :

The method of ecalculating residual stresses in the concrete core, the steel
cylinder, and the prestressing wire was updated to separately account for the effects
of elastic deformation, creep, and shrinkage of concrete, and the relaxation of the
prestressing wire (see appendix B, item 14). Intrinsic wire relaxation, creep factors,
and shrinkage strains obtained from procedures recommended by ACYI" Committee
209 (1982) (see appendix B, item 1) were used in a step-by-step integration procedure
(see appendix B, item 11) to evaluate the time-related variations of stress in the pipe
elements. The results of the step-by-step integration procedure, applied to pipe in a
buried environment, were used to develop simplified equations for practical design
use,

Calculations of the design creep factor and shrinkage strain for buried pipe are
based on the procedures recommended hy ACI Committee 209. Creep and shrinkage
are computed as functions of time, relative humidity, volume-to-surface ratio, age at
loading, curing duration, concrete composition, and method of placement. Design
values of creep factor and shrinkage strain are based on a 50-year exposure of pipe to .)" {
the environment to which typical pipe will he exposed. The default environment is
given in the following scenario:

1. The pipe is initially stored outdoors for 270 days.
2. The pipe is buried and kept empty for 90 days.
_ 3. The pipe is filled with water for the duration of its design life.
The pericds of time given in items 1 and 2 above may be extended at the purchaser’s
disecretion. '

The design wire-relaxation factor was obtained by measuring the intrinsic loss
of prestressing wire, manufactured in accordance with ASTM' A648, Specification for
Steel Wire, Hard Drawn for Prestressing Concrete Pipe, under constant strain and
accounting for the reduction in relaxation loss caused by creep and shrinkage.

The simplified procedure, which separately accounts for concrete creep and
shrinkage and wire relaxation, complies with test results (see appendix B, item 16)
and with prior design practice (see appendix B, item 15).

The method adopted for determining allowable combinations of internal
pressure, external loads, and pipe and fluid weights is based on satisfying certain
limit-states design criteria (see appendix B, item 3). The purpose of using limit-states
design is to assure the serviceability of pipe that is subject to working plus transient

*American Concrete Institute, P.O. Box 19150, Detroit, MI 48219.

tAmerican Society for Testing and Materials, 100 Barr Harbor Dr., West Conshohocken, PA
19428-2959,




design loads and pressures. Limit-states design also offers assurance that the
prestress and safety margins for pipe strength will be maintained even if the pipe is
subjected to abnormal conditions that may cause visible cracking,

The limit-states design procedure is based on limiting circumferential thrust
and bending moment resulting from internal pressure, cxternal loads, and pipe and
fluid weights. The procedure specifies that certain limit-states-design criteria are not
exceeded when the pipe is subjected to working loads and pressures and to working
plus transient loads and pressures.

In the design procedure, three sets of limit-states criteria are used: serviceabil-
ity, elastic, and strength. To satisfy the three sets of limit-states criteria, combined
loads and pressures corresponding to each of these limit states must be calculated. As
a result, the combined moments and thrusts in the pipe wall corresponding to the
limit states must be calculated, and both uncracked and cracked cross sections must
be considered. For accurate calculation of these combined moments and thrusts, the
constitutive properties of concrete and mortar in tension must be expressed correctly,
A trilinear model for stress—strain relationships of concrete and mortar was adopted
for use in the limit-states design of PCCP,

Serviceability limit-states criteria are intended to preclude microcracking in the
core and to control microcracking in the coating under working loads and pressures.
These criteria are also intended to preclude visible cracking in the core and the
coating under working plus transient loads and pressures. Criteria are provided for
the following:

1. Core-crack control.

2. Radial tension control.

3. Ceating-crack control.

4. Core-compression control.
5. Maximum pressure,

Elastic limit states are defined to limit combined working plus transient loads
and pressures so that if cracks develop in a prestressed pipe under the transient
condition, the pipe will have an elastic response preventing damage or loss of
prestress. Criteria are provided for the following states:

1. Wire-stress control.
2. Steel-cylinder-stress control.

Strength limit states are defined to protect the pipe against vielding of the
prestressing wire; crushing of the concrete core under external load; and tensile
failure of the wire under internal pressure. Safety factors are applied to loads and
pressures that preduce the strength limit states. The following criteria are provided:

1. Wire yield-strength control.

2. Core compressive-strength control.
3. Burst-pressure control.

4. Coating bond-strength control.

The limit-states design procedure for PCCP subjected to the combined effects of
internal pressure, external loads, and pipe and fluid weights:

1. Is a rational procedure based on state-of-the-art structural engineering
practice for concrete structures.

2. Uses parameters resulting from many tests of prestressed concrete pipe and
its constitutive materials.

3. Is substantiated by the results of combined-lead and three-edge bearing
verification tests of LCP and ECP

xi




The standard includes tables of standard designs for prestressed concrete LCP
and a design example for ECPE.

I.B. History, The AWWA Standards Committee on Concrete Pressure Pipe
supported a recommendation that a design standard be developed for PCCP to be
manufactured in accordance with ANSIVJAWWA (301, Standard for Prestressed
Concrete Pressure Pipe, Steel Cylinder Type, for Water and Other Liquids. On June
20, 1989, the C301 Design Subcommittee first met for the purpose of developing the
design standard. At its October 1989 meeting, the AWWA Standards Council
authorized a separate design standard for PCCP. The first edition of this standard,
ANSI/AWWA (€304, Standard for Design of Prestressed Concrete Cylinder Pipe, was
approved by the Board of Directors on June 18, 1992, This edition was approved on
Jan, 24, 1999,

1.C. Acceptance. In May 1985, the US Environmental Protection Agency
(USEPA) entered into a coopcrative agreement with a consortium led by NSF
International (NSF) to develop voluntary third-party consensus standards and a
certification program for all direct and indirect drinking water additives. Other
members of the original consortium included the American Water Works Association
Research Feundation (AWWARF) and the Conference of State Health and Environ-
mental Managers (COSHEM). AWWA and the Association of State Drinking Water
Administrators (ASDWA) joined later.

In the United States, authority to regulate products for use in, or in contact
with, drinking water rests with individual states.” Local agencies may choose to
impose requirements more stringent than those required by the state. To evaluate
the health effects of products and drinking water additives from suech products, state
and local agencies may use various references, including

1. An advisory program formerly administered by USEPA, Office of Drinking
Water, discontinued on Apr. 7, 1990,

2. Specific policies of the state or local agency.

3. Two standards developed according to NSF, ANSU/NSF* 60, Drinking
Water Treatment Chemicals—Health Effects, and ANSI/NSF 61, Drinking Water
System Components—Health Effects.

4, Other references including AWWA standards, Food Chemicals Codex, Water
Chemicals Codex,? and other standards considered appropriate by the state or local
agency.

Various certification organizations may be involved in certifying products in
accordance with ANSI/NSF 61. Individual states or local agencies have authority to
accept or accredit certification organizations within their jurisdiction. Accreditation
of certification organizations may vary from jurisdiction to jurisdiction.

Appendix A, “Toxicology Review and Evaluation Procedures,” to ANSI/NSF 61
does not stipulate a maximum allowable level (MAL) of a contaminant for substances
not regulated by a USEPA final maximum contaminant level (MCL). The MALs of
an unspecified list of “unregulated contaminants” are based on toxicity testing

*Persons in Canada, Mexico, and non-North American countries should contact the
appropriate authority having jurisdiction.

tAmerican National Standards Institute, 11 W. 42nd St., New York, NY 100386.
INSF International, 3475 Plymouth Rd., Ann Arbor, MI 48106.

§ Both publications available from National Academy of Sciences, 2102 Constitution Ave.
N.W., Washington, DC 20418,
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guidelines (noncarcinogens) and risk characterization methodology (carcinogens). Use
of Appendix A procedures may not always be identical, depending on the certifier.

AWWA (C304-99 does not address additive requirements. Thus, users of this
standard should consult the appropriate state or local agency having jurisdiction in
order to

1. Determine additive requirements including applicable standards.

2. Determine the status of certifications by all parties offering to certify
products for contact with, or treatment of, drinking water.

3. Determine current information on product certification.

II. Special Issues. The information needed for selection of designs from the

tables of standard designs includes:
1. Inside diameter of pipe {in. fmm]).
2. Internal working pressure (psi {kPal).
3. Type of standard bedding.
4. Height of earth cover over the pipe (ft [m]).

The standard criteria used in the design selection tables are summarized in Sec.
9.4 preceding the design selection tables. If different design criteria are required by
the purchaser, they should be specified by the purchaser, stated in the contract
documents, and accounted for in the design of the pipe.

{II. Use of This Standard. AWWA has no responsibility for the suitability
or compatibility of the provisions of this standard to any intended application by any
user. Accordingly, each user of this standard is responsible for determining that the
standard’s provisions are suitable for and compatible with that user’s intended
application.

HLA. Purchaser Options and Alternatives. For LCP designs not included in
the standard design tables and for all ECP designs, the design procedures specified
in the standard must be implemented. For this purpose, the following information is
to be provided by the purchaser:

1, Inside diameter of pipe (in. [mm]).

2. Fluid unit weight (b/ft? (kg/m?]) if other than fresh water is required.

3. Height of earth cover over the pipe (ft [m]) or external dead load (Ib/ft [kg/m]).

4. External surcharge load (Ib/ft [kg/m]).

5. External transient load (Ib/ft [kg/m]) if other than AASHTO" HS20 loading
is required.

6. Internal working pressure (psi {kPa)).

7. Internal transient pressure (psi [kPa]).

8. Internal field-test pressure (psi [kPal).

9. Installation requirements.

10. Time period of exposure to outdoor environment (days) if more than 270 days. -

11. Relative humidity of the outdoor environment.

12. Time exposure of pipe to burial environment before water filling (days) if
more than 90 days.

HLB. Information to Be Provided by the Pipe Manufacturer. In addition to
the information listed above (Sec. II.A), the following information is to be provided
by the pipe manufacturer:

*American Association of State Highway and Transportation Officials, 444 N. Capitol St.,
N.W.,, Washington, DC 20001
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Cutside diameter of the steel cylinder (in. [mm]).

Thickness of the steel cylinder (in. [mm])}.

Diameter of prestressing wire (in. [mm]).

Class of prestressing wire (II or III).

Number of layers of prestressing wire (one, two, or three).
Coating thickness over the prestressing wire (in. [mm)]).

Coating thickness between layers of prestressing wire {in. [mm]).
Concrete 28-day compressive strength (psi [MPa]).

Concrete modulus of elasticity multiplier, if less than 0.9.

10. Cencrete creep factor multiplier, if greater than 1.1,

11. Concrete shrinkage strain multiplier, if greater than 1.1.

12. Prestressing wire intrinsic relaxation multiplier, if greater than 1.1.

III.C. Modification to Standard. Any modifications to the provisions, defini-
tions, or terminology in this standard must be provided in the purchaser’s
specifications.

IV. Major Revisions. The major revisions made to the standard in this
edition include the following:

1. The format has been changed to AWWA standard style.

2. The acceptance clause (Sec. I.C) has been revised to approved wording.

3. A second paragraph has been added to See. 4.2 Distribution of Loads to
clarify the sign convention for moments and thrusts,

4. Changes have been made in Sec. 5.3.6. Creep and shrinkage properties of
concrete to clarify the method for calculating creep and shrinkage muitipliers.

V. Comments. If you have any comments or questions about this standard,
please call the AWWA Volunteer and Technical Support Group, (303) 794-7711 ext.
6283, FAX (303) 795-7603, or write to the group at 6666 W. Quincy Ave., Denver, CO
80235.
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American Water Works Association

é

ANSI/AWWA C304-99
(Revision of ANSI/AWWA C304-92)

AWWA STANDARD FOR

DESIGN OF PRESTRESSED
CONCRETE CYLINDER PIPE

SECTION 1: GENERAL

Sec. 1.1 Scope

This standard defines the methods to be used in the structural design of buried
prestressed concrete cylinder pipe (PCCP) under internal pressure. These methods
are provided for the design of pipe subjected to the effects of working, transient, and
field-test load and internal pressure combinations.

The design procedures of this standard are applicable to lined-cylinder pipe
(LCP) having inside diameters of 16 in. through 60 in. (410 mm through 1,520 mm)
and to embedded-cylinder pipe (ECP) having inside diameters of 24 in. (610 mm) and
larger.

Sec. 1.2 References

Standard requirements for the manufacture of PCCP are contained in ANSI™/
AWWA C301, Standard for Prestressed Concrete Pressure Pipe, Steel-Cylinder Type,
for Water and Other Liquids. Procedures for installation of the pipe are described in
AWWA Manual M9, Concrete Pressure Pipe (1995). )

This standard references the following documents. In their current editions,
they form a part of this standard to the extent specified in this standard. In any case
of conflict, the requirements of this standard shall prevail,

AASHTO' HB-15—Standard Specifications for Highway Bridges.

ACT* 209R-92— Prediction of Creep, Shrinkage, and Temperature Effects in
Concrete Structures.

* American National Standards Institute, 11 W. 42nd St., New York, NY 10036.

TAmerican Association of State Highway and Transportation Officials, 444 N. Capitol St. N.W,
Washington, DC 20001.

iAmerican Concrete Institute, 2O. Box 18150, Detroit, MI 48219.
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ASTM® A648—Standard Specification for Steel Wire, Hard Drawn for
Pre-stressing Concrete Pipe.

ASTM C33—Standard Specification for Concrete Aggregates.

ASTM (39—Standard Test Method for Compressive Strength of Cylindrical
Conecrete Specimens.

ASTM (C192/C192M—Standard Practice for Making and Curing Concrete Test
Specimens in the Laboratory.

ASTM C469—Standard Test for Static Modulus of Elasticity and Poisson’s Ratio
of Concrete in Compression.

ASTM C512—Standard Test Method for Creep of Concrete in Compression.

ANSI/AWWA (C301—Standard for Prestressed Concrete Pressure Pipe,
Steel-Cylinder Type.

Concrete Pipe Design Manual. American Concrete Pipe Association.’

Concrete Pressure Pipe. AWWA Manual M9. AWWA, Denver, Colo. (1995).

FAAT AC150/5320-6C—Airport Pavement Design and Evaluation.

FAA AC150/53256-5C—Aireraft Data.

Manucl for Railway Engineering. American Railway Engineering Association,
Washington, DC.,

Sec. 1.3 Applications

PCCP is used principally in the transmission and distribution of water in
municipal, industrial, and irrigation systems. It is also used in plant piping systems,
seawater cooling systems, sewer force mains, and gravity sewers. Other applications
include inverted siphons, lincrs for pressure tunnels, and culverts with high earth
covers.

Sec. 1.4 Pipe Structure

Two types of PCCP are produced: LCP and ECP. The cross sections and
elements of both types of pipe are shown in Figure 1.
PCCP iz made up of the following components:

1. A high-strength concrete core acts as the principal structural component of
the pipe and provides a smooth inner surface for high fluid flow. The core includes a
steel cylinder that functions as a watertight membrane, provides longitudinal tensile
strength, and increases circumferential and beam strength. In ECF, the steel cylinder
is contained within the core; in LCP, the steel cylinder forms the cuter element of the
core. Attached to the steel cylinder are steel bell and spigot joint rings that, together
with an elastomeric O-ring, provide a watertight and self-centering joint between
sections of pipe. Concrete for ECP is vertically cast within steel molds. LCP concrete
is centrifugally cast or placed within the steel cylinder by radial compaction.

2. High-tensile steel wire, helically wrapped around the core under controlled
tension, produces uniform compressive prestress in the core that offsets tensile
stresses from internal pressure and external loads. PCCP can be designed to provide
the optimum amount of prestress necded for required operating conditions.

* American Society for Testing and Materials, 100 Barr Harbor Dr., West Conshohocken, PA
19428-2059, :

f American Concrete Pipe Association, 222 West Las Colinas Blvd., Suite 641, Irving, TX 75039.
$Federal Aviation Administration, 800 Independence Ave., S.W,, Washington, DC 20581.
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3. A dense cement-mortar coating encases and protects the wire-wrapped
prestressed core from physical damage and external corrosion.

Seec. 1.5 Tolerances

The design procedures of this standard are consistent with the manufacturing
tolerances given in ANSVAWWA (301,

1.6 Definitions

1.6.1 Limit state: A condition that bounds structural usefulness. The follow-
ing three types of limit states are considered in the design of PCCP:

1. Serviceability limit states, which ensure performance under service loads.
2. Elastic limit states, which define the onset of material nonlinearity.
3. Strength limit states, which provide safety under extreme loads.

1.6.2 Limit-states design: The limit-states design method required definition
of all limit states that are reclevant to the performance of a particular structure,
followed by the design of the structure, so that the probability of not exceeding a limit
state is assurcd,

1.6.3 Purchaser: The person, company, or organization that purchases any
materials or work to be performed.

Metric (SI) Equivalents

The conversion factors in this section are consistent with those provided in
ASTM E380-82, “Standard for Metric Practice.” Values of constants and variables
are given in both US and SI systems of units throughout the standard. In those
instances where direct conversion of units is not possible, equations applicable to
both US and SI systems of units are given in this standard.

To convert from

to

Multiply by

Area

square inches (in.2) square metres (m?%) 0.000645
Bending Moment newton metre (N-m) 0.112985
pound-force inch (Ibf-in.)

Force newton (N) 4.448222
pound-force (1bf)

Length metre {m) 0.304800
foot. (ft) metre {m) 0.025400
inch {in.)

Weight per Unit Volume kilogram per cubic metre (kg/m?) 16.018
pound per cubic foot (Ib/4t%)

Pressure or Stress pascal {Pa} 6894.757
pounds per square inch (psi) {Ibffin.?)

Steel Area per Unit Length of Pipe square millimetre per metre 2116.667

square inch per foot (in.2/ft)

(mm?/m)

Temperature degree Celsius (°C) Teo=(Tp~32y/18
degree Fahrenheit (°F)
Volume cubic metre (m™) 0.764555

cubic yard (yd®)
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SECTION 2: LOADS AND INTERNAL PRESSURES

Notation

D; = inside diameter of pipe (in. [mm])
H = height of earth cover over pipe {ft [m])
Iy = impact factor
Pﬂ = internal field-test pressure (psi [kPa])
Py internal pressure established by the hydraulic gradient {psi [kPa])
s = internal pressure established by the static head (psi [kPa])
= internal transient pressure (psi [kPa))

Jote
wonon

w = internal working pressure {psi [kPa]) = max (Pg, Pg)
W, = external dead lead (Ibffft [N/m])
Wr = weight of fluid (Ibf/ft [N/m))
Wp = weight of pipe (Ibf/ft {N/m])
W, = surcharge load (Ibf/ft [N/m])
W, = transient load (1bf/ft [N/m])

Yo = unit weight of concrete (Ib/t> [kg/m?])
Ym = unit weight of mortar (b/ft? [kg/m?))
¥s = unit weight of steel (Ib/ft® [kg/m‘i])

Sec. 2.2 Design Loads and Internal Pressures

To purchase pipe manufactured according to ANSI/AWWA C301, the purchaser
must specify the magnitudes of design loads and internal pressures and the
distributions of external loads on the pipe. The types of loads and internal pressures
given below are those normally required for the design of buried pressure pipe. The
references given for determining various external loads and their distributions are
guidelines that define acceptable practice. The purchaser may need to specify
additional loads for special conditions not covered by this standard.

Sec. 2.3 l.oads

231 Working loads. Pipe shall be designed to include the following working
loads of long duration.

2.3.1.1 Pipe weight W, computed using nominal pipe dimensions and the
following material unit weights:

Yo = 145 Ib/t? (2,323 kg/m?)
Y, = 140 Ib/ft3 (2,243 kg/m®)
Y = 489 Ib/ft? (7,833 kg/m®)

23.1.2  Fluid weight, Wy, computed using 62.4 1b/#t3 (1,000 kg/m?) as the unit
weight of fresh water. If fluids other than fresh water are to be transported by the
pipe, then the actual unit weight of these fluids shall be used.

23.13 External dead load W, computed as the sum of earth load and
surcharge load if any.

Earth load is computed in accordance with AWWA Manual M9; ACPA’s Concretfe
Pipe Design Manual; or AASHTO HRB-15, division I, section 17.4; or by recognized
and documented analytical procedures based on soil-pipe interaction.

T
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Surcharge load, resulting from the dead load of structures or other surface loads
that are not transient loads as defined in Sec. 2.3.2, is computed in accordance with
ACPA's Concrete Pipe Design Manual.

2.82 Transient loads. Transient load W, for which the pipe shall be designed
includes the following vertical surface loads of short duration, whenever applicable.

2.3.2.1 Highway live load, computed in accordance with AASHTO HB-15,
AWWA Manual M9, and ACPA’s Concrete Pipe Design Manual. HS20 loading shall be
used unless other loading is specified by the purchaser.

2.3.2.2 Railroad live load shall be computed in accordance with AREA Manual
for Railway Engineering and ACPA Concrete Pipe Design Manual. Cooper E-72
loading shall be used unless other loading is specified by the purchaser.

2.3.2.3 Aircraft live load shall be computed using appropriate aircraft wheel
loads (see FAA AC150/5325-5C, Aircraft Date), in accordance with FAA AC150/
5320-6C, Airport Pavement Design and Evaluation and ACPA Concrete Pipe Design
Manual.

92.3.9.4 Construction live load, if specified by the purchaser, shall be computed
using the specified load and earth cover in accordance with ACFA Concrete Pipe
Design Manual procedure for highway live load.

2.3.3 Impact factor. Computation of W, shall include application of appropri-
ate impact factors Iy in accordance with the applicable live load standard, or ACPA
Concrete Pipe Design Manual.

Sec. 2.4 Internal Pressures

9.4.1 Internal working pressure. The internal working pressure P, for which
the pipe shall be designed is:

P, = max(Pg, P (Eq 2-1)

L

2.4.2 Internal transient pressure. Internal transient pressure P, for which the
pipe shall be designed is the internal pressure, in excess of the internal working
pressure P, caused by rapid changes in pipeline flow velecity. The hydraulic design
of the pipeline should include an analysis of transient effects. In the absence of a

design transient pressure specified by the purchaser, the value of P; for which the
pipe shall be designed is:

P, = max(0.4P,, 40 psi [276 kPa]) (Eq 2-2)

2.4.3 Internal field-test pressure. Internal field-test pressure Pr, is the test
pressure to be applied to the pipe after its installation. In the absence of a field-test
pressure specified by the purchaser, the value of Py, for which the pipe shall be
designed is:

P; = 12P, (Eq 2-3)
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SECTION 3: LOAD AND INTERNAL-PRESSURE
COMBINATIONS

Seec. 3.1 Notation

for = final prestress in core concrete (psi kPa))
FT1, FT2 design-factored working-load and field-test pressure combinations

it

FW1 = design-factored working-load combination
FWT1-FWT6 = design-factored working plus transient load and internal-pressure
combinations
Pp = internal field-test pressure (psi [kPa])
P, = internal pressurc caused by the hydraulic gradient (psi [kPa])
P

s = internal pressure caused by the static head (psi [kPa]
internal transient pressure (psi [kPa))
P, = internal working pressure (psi (kPa]} = max (P, Py)
W1, W2 = design working load and internal-pressure combmatwns
W, = external dead load (Ibf/ft, (N/m])
Wr = weight of fluid (Ibf/ft [N/m)])
W, = weight of pipe (Ibf/ft [N/m]}
W, = transient load (Ibf/ft [N/m])
WTI-WT3 = design working plus transient load and Internal-pressure combinations
By = factor equal to 1.1 for ECP and 1.2 for LCP
By = factor equal to 1.3 for ECP and 1.4 for LCP

Sec. 3.2 Load Factors for Limit-States Design”

0
1

The factored load combinations given in this section are based on minimum

recommended load factors for use with the limit-states design procedures described
in Sec. 8.

Sec. 3.3 Minimum Combined Design Loads and Pressures

1. The minimum combined design load and pressure shall be P, of 40 psi
(276 kPa) in combination with W, equivalent to 6 ft (1.83 m) of earth cover based on
trench loading at transition width, and unit earth weight of 120 1b/ft® (1922 kg/m3)
with 45° Olander bedding for earth load and fluid weight and 15° Qlander bedding
for pipe weight. P, = 0, and W, = 0.

2. The maximum calculated tensile stress in the pipe wall shall not exceed Fer
when the pipe weight alone is supported on a line bearing.

Sec. 3.4 Working Loads and Internal Pressures

Pipe shall be designed for all of the following combinations of working loads and
internal pressures:

WL W, + W, + W+ P, (Eq 3-1)
W2: W, + W, + W, (Eq 3-2)
FW1: 1.25W, + W, + W, (Eq 3-3)

*For commentary see appendix A, Sec. A.2.
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Sec. 3.5 Working Plus Transient Loads and Internal Pressures

3.5.1" Pipe shall be designed for all of the following combinations of working
plus transient loads and internal pressures:

WTL: W, + W, +W,+P, +P, (Eq 3-4)
WT2: W,+ W, + W+ W+ P, (Eq 3-5}
WI3: W, +W,+ W+ W, (Eq 3-6)
FWTL: B(W, + W, + W+ P, +P) (Eq 3-7)
FWT2: B (W, +W,+ Wt W,+P,) (Eq 3-8)

Where:
B; = 1.1 for ECP and 1.2 for LCP

3.5.2" Pipe shall be designed for the following factored combinations of
working plus transient loads and internal pressures:

FWT3: Bo(W,+ W, + Wet P,+P) {Eq 3-9)
FWT4: Bo(W, + Wp +We+ P) {Eq 3-10)
FWTS: 1.6(W +W, + Wf) +2.0W, (Eq 3-11)
FWT6: 1.6P,+2.0P, (Eq 3-12)

Where:
B3 = 1.3 for ECP and 1.4 for LCP

Sec. 3.6 Working Loads and Internal Field-Test Pressures’

Pipe shall be designed for the following combinations of working loads and
internal field-test pressures:

FTL LI(W, +W,+ Wet P (Eq 3-13)
FT2: 113(W, + W, + W+ Py (Eq 3-14)

Where:
fy = 1.1 for ECP and 1.2 for LCP

Sec. 3.7 Load and Pressure Factors

The load and pressure factors for the various loading conditions are summarized
in Table 1 for ECP and in Table 2 for LCP.

*For commentary see appendix A, Sec. A3,
TFor commentary see appendix A, Sec. A4,

+For commentary see appendix A, Sec. A5,

[ e




Table 1 Load and pressure factors for embedded-cylinder pipe

m
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Load and Pressures

Loading Conditions W, W, Wy W, P, P, Pp
Working load and pressure combinations
W1 1.0 1.0 1.0 — 1.0 - —
w2 1.0 1.0 1.0 — — — —
Fwi 1.25 1.0 1.0 — — — —
Working plus transient load and pressure combinations
WT1 1.0 1.0 1.0 _ 1.0 1.0 —_
WT2 1.0 1.0 1.0 1.0 1.0 — —
WT3 1.0 1.0 1.0 1.0 — - —
FWT1 1.1 1.1 11 — 1.1 1.1 —
FWT2 1.1 11 1.1 1.1 11 — —
FWT3 1.3 1.3 1.3 — 1.3 1.3 —
FWT4 1.3 1.3 1.3 1.3 1.3 — —
FWT5 1.6 1.6 1.6 2.0 — — —
FWT6 — — — -— 1.6 2.0 —
Field-test condition

FT1 1.1 1.1 11 s — — 1.1
FT2 1.21 1.21 1.21 —_ — — 1.21

Table 2 Load and pressure factors for lined-cylinder pipe

D e T

Load and Pressurcs

Loading Conditions W, W, Wy W, P, P Py
Working load and pressure combinations
W1 1.0 1.0 1.0 — 1.0 — —-—
w2 1.0 1.0 1.0 —_ — — —
Working plus transient load and pressure combinations
WT1 1.0 1.0 1.0 — 1.0 1.0 -
WT2 1.0 1.0 1.0 1.0 1.0 — —
WT3 1.0 1.0 1.0 1.0 _ — —
FWT1 1.2 1.2 1.2 — 1.2 1.2 —
FWT2 1.2 1.2 1.2 1.2 1.2 _ —
FWT3 1.4 1.4 1.4 — 14 14 —
FWT4 1.4 14 14 1.4 14 — —
FWT5 1.6 15 1.6 2.0 — — —
FWT6 — — — — 186 2.0 —
Field-test condition
FT1 11 1.1 1.1 —_ — — 11
FT2 1.32 1.32 1.32 — — — 1.32

2K Mt . I S S S T AT
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SECTION 4: MOMENTS AND THRUSTS

Sec. 4.1 Notation

Crier Cmipr Cmyp = moment coefficients at invert resulting from the distribution of
external loads, W, or W,, and pipe and fluid weights, Wp and W,
Crnoer Cmap» Cmgp = moment coefficients at springline resulting from the distribution of
external loads, W, or W,, and pipe and fluid weights, W, and Wy
Cpies Cuipr Cnip = thrust coefficients at invert resulting from the distribution of external
loads, W, or W;, and pipe and fluid weights, W, and Wy
Cp2er Cpaps Crgr = thrust coefficients at springline resulting from the distribution of
external loads, W, or W,, and pipe and fluid weights, W, and Wy
D; = inside diameter of pipe (in. [mm])}
Dy = outside diameter of steel cylinder (in. [mm]}
h, = core thickness, including thickness of cylinder (in. [mm])
hy, = coating thickness, including wire diameter (in. [mm])

M; = total moment at invert (Ibf-in./ft [N-m/m])
My = total moment at springline {1bf-in./ft [N-m/m])
My, = redistributed moment at springline (Ibf-in/ft [N-m/m})
M., = moment capacity at invert and crown (lbf-in./ft (N-m/m]}
N; = total thrust at invert (Ibf/ft (N/m])
N, = total thrust at springline (Ibf/ft [N/m])
N, = thrust resulting from final prestress (Ibf/ft [Nfm})
P = internal pressure (psi [kPa])
P, = decompression pressure that relieves final prestress in the core
concrete (psi [kPa])
R = radius to the centroid of the coated pipe wall (in, [mm])
W, = external dead load {Ibf/ft [N/m])
Wy = fluid weight {Ibf/t [N/m])
W, = weight of pipe (Ibf#ft [N/m])
W, = transient load (Ibf/ft {(N/m])

Sec. 4.2 Distribution of Loads

The total working and transient loads on the pipe shall be determined using the
provisions of Sec. 2. The earth-pressurc distribution on the pipe and moments and
the thrusts in the wall resulting from the working and transient loads shall be
determined from recognized and accepted theories, taking into account the character-
istics of installation, such as these given by Olander (1950) and Paris (1921) (see
appendix B). The bedding angle for Olander and Paris distributions shall be selected
on the basis of design pipe—soil installation. Unless provisions are made to support
the pipe weight over a wider width, the bedding angle for pipe weight shall be 15° for
installation on soil beddings.

Sign conventions for moments and thrusts in the references cited above may
differ. The sign convention for moments and thrusts in this standard is

1. A thrust in the pipe wall is positive when creating tension in the pipe wall
and negative when creating compression in the pipe wall.

2. In the vicinity of the crown and invert, a moment is positive when creating
tension at the inside surface of the pipe and negative when creating compression at
the inside surface of the pipe.
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3. In the vicinity of the springline, a moment is positive when creating tension
at the outside surface of the pipe and negative when creating compression at the
outside surface of the pipe. '

Sec. 4.3 Moments and Thrusts
431 Prestress thrust. The thrust at invert, crown, and springline resulting
from prestressing is

N, = 6D,P, (Eq 4-1)

Where:

P, = the decompression pressure that relieves the final prestress in the
core, as defined in Sec. 6.3.3. D, is in in., and P, is in psi. The metric
equivalent of Eq 4-1, with D, in mm and P, in kPa is

N,=%D P,
4.3.2 Moments and thrusts from combined loads.” The thrusts and moments

resulting from pressure, external loads (earth, surcharge, transient, and construction
loads), and the weights of pipe and fluid, for a pipe with uniform wall are

My =RIC, (W, + W)+ €y, W, + Cpy W/ (Eq 4-2)
My = RIC, 0, (W, + W) +C 0, W, +CpfWyl (BEq 4-3)
Ny = 8D,P—[C, (W, + W)+ Cpy, W, + cn.lf-Wf] (Eq 4-4)
N, = 6D ,P- [C o (W, + W)+ crr?glwp +C Wil (Eq 4-5)

Where:

B Di+h,+h, (Eq 4-6)
2
When D, is in mm and P is in kPa, substitute 2 D, for 6D, in Eq 4-4 and 4-5.
The moment and thrust coefficients are obtained from the assumed distribution
of earth pressure selected for the design installation.
433 Moment redistribution.” When the moment, M), given by Eq 4-2 is
greater than the moment capacity at the invert, My.q,, the moments at the invert
and springline, My and My, obtained using Eq 4-2 and 4-3, shall be redistributed as

*For commentary see appendix A, Sec. A.6.

+For commentary see appendix A, Sec. AT.
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described in this section. M., for ECP is the M|-moment limit at the invert
corresponding to the steel-cylinder stress reaching a limiting value and is computed
according to the procedure in Sec. 7.4.2 and 8.9.1. Micqp for LCP is the Mi-moment
limit at the invert corresponding to the coating strain reaching the compressive
strain limit after cracking of the core and is computed according to the procedure in
Qee. 8.9.4. For loads exceeding the limiting load that produces Mi.p at the invert,
the redistributed moment at the springline My, is '

My, = M1+M2—M1cap (Eq4-7)
Where:
M, and M, are given by Eq 4-2 and 4-3
SECTION 5: DESIGN MATERIAL PROPERTIES
Sec. 5.1 Notation

Cp = concrete modulus of elasticity multiplier

C, = concrete shrinkage strain multiplier

Cy = concrete creep-factor multiplier

E, = design medulus of elasticity of core concrete (psi)

E, = average modulus of elasticity of test concrete {psi [MPal)

E, = design modulus of elasticity of coating mortar (psi [MPal)

E, = design modulus of elasticity of prestressing wire (psi [MPal])

E, = design modulus of elasticity of steel cylinder (psi [MPal)

f. = design 28-day compressive strength of core concrete (psi (MPal)

f.; = core concrete compressive strength at wrapping (psi [MPa])

f.; = design compressive strength of test concrete {psi (MPal)

fra = design 28-day compressive strength of coating mortar (psi (MPal)
fim = design 28-day tensile strength of coating mortar (psi {MPa])

f; = design tensile strength of core concrete (psi [MPa])

fo = tensile stress in prestressing wire (psi [MPal)

fig = gross wrapping tensile stress in wire (psi [MPal)
specified minimum tensile strength of prestressing wire (psi [MPaj)
fiy = tensile yield strength of prestressing wire (psi [MPa))
= design tensile or compressive yield strength of steel cylinder

{psi [MPal}

f,y = design tensile strength of steel cylinder at pipe burst (psi [MPa])

s(18,250) = extrapolated shrinkage strain of concrete test specimens at 50 years
{18,250 days)
s{n) = shrinkage strain of concrete test specimens on n-th day after loading
g, = strain in prestressing wire
Y. = unit weight of concrete (Ib/ft? [kg/md))
v, = unit weight of mortar (b/ft® Deg/m®D)
#(18,250) = creep factor at 50 years (18,250 days)

Ul

———
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Materials and Manufacturing Standard

The concrete core, mortar coating, steel cylinder, and prestressing wire shall
conform to the requirements of ANSI/AWWA C301.

Properties of Core Concrete

The core concrete may be placed by the centrifugal-casting methed, by the
vertical casting method, or by the radial-compaction method. The concrete placed by
the centrifugal method is referred to in this standard as spun concrete and that
placed by the vertical casting method as cast concrete. Conerete placed by radial
compaction, which has been shown to have strength, shrinkage, and creep properties
equivalent to spun concrete, is also considered as spun concrete in this standard.

5.3.1 Compressive strength of concrete. The minimum design compressive
strength of the core concrete, based on 28-day tests of concrete cylinders in
accordance with ANSI/AWWA C301, shall be as follows:

Cast concrete £’ 4,500 psi (31.0 MPa)

8,000 psi (41.4 MPa)

I

Spun concrete f,.”

5.3.2 Minimum compressive strength of concrete at wrapping. The minimum
compressive strength of the core concrete, based on tests of concrete cylinders in
accordance with ANS/AWWA C301, at the time of wrapping shall be as follows:

Cast concrete f,; = 3,000 psi (20.7 MPa)}
Spun concrete f,; = 4,000 psi (27.6 MPa)

but not less than 1.8 times the initial prestress in the core (that is, the initial
prestress in the core shall not exceed 0.55 £ ).

5.3.3 Tensile strength of concrete.” The design tensile strength of the core
concrete is

fo=1Jf (Eq 5-1)
Where:
f, = design 28-day compressive strength of core concrete in psi
f; = 058 ff;
Where:
f,© = design 28-day compressive strength of core concrete in MPa

*For commentary see appendix A, Sec. A8,
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5.3.4 Modulus of elasticity ofconcrete.* The design modulus of elasticity of
the core concrete is

E, = 158y, (" (Eq 5-2)
Where:
y. = 145 lb/ft?
f. = design 28-day compressive strength of concrete in psi
151, »..0.3
E, = 0074y, "7 (/)
Where:
Y. = 2,323 kg/m?
f,” = design 28-day compressive strength of concrete in MPa

Each factory where PCCP is to be manufactured shall perform a quality-
assurance test to determine the modulus of elasticity of the concrete mix with the
aggregates and cement to be used in the pipe manufacture. If the measured modulus
of elasticity is less than the value computed from Eq 5-2, the design modulus of
elasticity shall be modified for all pipe manufactured using these aggregates and
cement.

The average modulus of elasticity of concrete preduced at the factory shall be
determined from tests of at least five molded cylindrical test specimens of concrete
meeting the requirements of ANSI/AWWA C301. The test specimens shall be molded
and cured in accordance with ASTM €192 and tested in accordance with ASTM C469
at an age of 28 days to determine their modulus of elasticity.

Five companion test specimens shall be molded and cured in accordance with
ASTM €192 and tested in accordance with ASTM C39. The mean 28-day compressive
strength x and the standard deviation s of the sample of five test specimens shall be
computed. The design 28-day compressive strength of the test concrete shall be

fo, =%-084s (Eq 5-3)

For purposes of these tests, f; shall range between 4,500 and 6,500 psi (31.0 to
44.8 MPa).
The modulus of elasticity multiplier is

E
CE = £t (Eq 5-4)
158Yc1.51(fc’t )0.3

Where:

Ec; (pSi)
Ye

i

the average of the five or more modulus of elasticity test results
145 1b/t?

1

*For commentary see appendix A, Sec. A.9.
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L
Cp = o1 0.3
0074y, " (f )
Where:
E. (MPa) = the average of the five or more modulus of clasticity test results

5}

Ve 2,323 kg/m?

If Cg is less than 0.9 for all pipe manufactured using the aggregates and cement
used in the test, the design modulus of elasticity shall be reduced by multiplying the
result of Eq 5-2 by C, and the modular ratiecs given in Sec. 6 and 8 shall be increased
by dividing them by Cg.

The quality-assurance test to determine modulus of clasticity shall be made
annually or whenever the sources of aggregate or cement are changed.

5.3.5 Stress—strain relationship of concrete.” The design stress-strain rela-
tionship of the core concrete is shown in Figure 2A.

5.3.6 Creep and shrinkage properties of concrete.  Each factory that manufac-
tures PCCP shall perform a quality-assurance test of concrete creep and shrinkage
on a mix with the aggregates and cement to be used in the manufacture of pipe
(without additives or admixtures). If either the measured concrete creep factor or
shrinkage strain is more than the value computed in accordance with ACI 209R-82,
the design creep factor and shrinkage strain shall be modified for all pipe
manufactured using these aggregates and cement.

The creep and shrinkage-strain properties of concrete produced at the factory
shall be determined from tests of at least one set of molded cylindrical test specimens
of concrete meeting the requirements of ANSI/AWWA C301. The test specimens shall
be molded in accordance with ASTM C192. Each set of test specimens shall include
5 specimens for creep tests, 5 specimens for shrinkage tests, 5 specimens for
moedulus-of-elasticity tests, and 10 specimens for compressive-strength tests. Each of
the specimens shall be cured and stored in accordance with the requirements for
“Standard Curing” in Section 6.1 of ASTM C512. Creep specimens shall be tested in
accordance with ASTM C512. Compressive strength and modulus of elasticity shall
be determined in accordance with ASTM C39 and C469, respectively.

Immediately before loading the creep specimens, the compressive strength of
concrete shall be determined by testing five of the strength specimens in accordance
with ASTM C39.

Creep-test specimens shall be loaded at 7 days to a compressive stress level
ranging from 30 to 40 percent of the compressive strength of the concrete at loading
age.

Strain readings of loaded specimens shall be taken immediately before and after
loading, 7 days after loading, and 28 days after loading. Shrinkage strains shall be
measured at the same times as strain readings of loaded specimens. Additional strain
readings may be taken at other times.

The 28-day compressive strength of concrete shall be determined by testing the
remaining five strength specimens in accordance with ASTM C39 and averaging
their results. The 28-day modulus of elasticity of concrete shall be determined by
testing five test specimens in accordance with ASTM C469 and averaging their
results,

*For commentary see appendix A, Sec. A.10.
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In addition to the items required by ASTM C512 to be included in the report,
the following items shall be reported:

1. Shrinkage strains at designated ages (-in.fin. [mm/mm]}.
2. Compressive strength at 28 days of age (psi [MPal).

3. Modulus of elasticity at 28 days of age (psi [MPal).

4. Cement content of the concrete (lbf’yd:‘ [kg/m:‘]).

5. Water/cement ratio.

The average of five specific crecp strains plus the initial elastic strains
measured up to 28 days after loading shall be extrapolated using the BP-KX maodel
of drying creep (Bazant, Kim, and Panula (1891, 1992)) or the ACI 209R-92 model of
drying creep to compute the specific creep plus instantaneous strain at 50 years. A
procedure for the extrapolation is discussed in Ojdrovic and Zarghamee (19986). The
resulting creep factor at 50 years is computed by dividing the specific creep strain at
50 years, 0{18,250) by the specific initial strain.

The concrete creep factor multiplier C, is the ratio of the creep factor at 50 years
to the computed value of the creep factor using ACI 209R-92.

_ 0(18,250)
€ 2.0

If C, is greater than 1.1, for all pipe to be manufactured using the aggregates
and cement used in the test, the design creep factor shall be inereased by multiplying
the creep factor ¢ given in Eq 6-16 by C,.

The average of five shrinkage strains measured at 23 days after loading of the
creep specimens shall be extrapolated using the BP-KX model of shrinkage (Bazant,
Kim, and Panula [1991, 1992]) or the ACI 209R-92 model of shrinkage to compute the
shrinkage strain at 50 years, s(18,250). A procedure for the extrapolation is discussed
in Ojdrovic and Zarghamee (1996). The concrete shrinkage strain multiplier C; is the
ratio of the shrinkage strain at 50 years to the computed value of the shrinkage
strain using ACI 209R-92.

o - s(18,250)
s 760

If C, is greater than 1.1 for all pipe to be manufactured using the aggregates
and cement used in the test, the design shrinkage strain shall be increased by
multiplying the shrinkage strain s given in Eq 6-17 by C..

Creep and shrinkage measurements shall be made whenever the sources of
aggregate or cement are changed,

Properties of Coating Mortar

The mortar coating is a cement-rich mixture of sand and cement that is applied
as a dense and durable coating with a minimum thickness of 0.75 in. over the outer
layer of prestressing wire,

5.4.1 Compressive strength of mortar.  The design compressive strength of the
coating mortar is f,,” = 5,500 psi [37.9 MPal].

5.4.2 Tenstle strength of mortar.” The design tensile strength of the coating
mortar is

ft;n =1 J_fz (Eq 5-5)

*Far commentary see appendix A, Sec. A.8.
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Where:
f.~ = design 28-day compressive strength of coating mortar in psi . ‘(
f.tlm = 0‘584 fm’
Where:
f. = design 28-day compressive strength of coating mortar in MPa

5.4.3 Modulus of elasticity of mortar.” The design modulus of elasticity of the
coating mortar is

E, = 168y, > (£, (Eq 5-6)
Where:
Y = 140 b/t
fw = 5,500 psi
EIH = 0074Y?n151( ]C??L’)OIS
Where:
vy = 2,242 kg/m®
fm = 379 MPa
5.4.4 Stress—strain relationship of mortar. The design stress—strain relation- 0 ;l

ship of coating mortar is shown in Figure 2B (page 18).
Sec. 5.5 Properties of Steel Cylinder

The cylinder shall be fabricated from either hot-rolled or cold-rolled steel sheet,
conforming to the requirements of ANSIVAWWA (C301. The minimum wall thickness
of the steel eylinder shall be USS 16 gauge (1.52 mm).

5.5.1 Yield strength of steel cylinder.  The design yield strength of the steel
¢ylinder in tension shall be

fyy = 33,000 psi (227 MPa)

or the specified minimum yield strength, whichever is greater.
5.5.2 - Strength of steel cylinder at burst.' The usable design strength of the
steel eylinder at burst for a pipe subjected to hydrostatic pressure shall be

f;y = 45,000 psi (310 MPa)

*For commentary see appendix A, Sec. A.9.

$For commentary see appendix A, Sec. A.11. o ’
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Figure 3 Stress-strain relationship for steel cylinder in tension and compression

If the specified minimum yield strength of the cylinder steel is greater than
45,000 psi [310 MPal, the larger value may be used for f*vy

5.5.3 Modulus of elasticity of steel eylinder. The design modulus of elasticity
of the steel cylinder shall be

E, = 30,000,000 psi (206,850 MPa)
5.5.4 Stress—strain relationship of steel cylinder. The design stress—strain rela-
tionship for the steel cylinder is shown in Figure 3.
Sec. 5.6 Properties of Prestressing Wire

The prestressing wire shall be hard drawn steel wire conforming to ANSI/
AWWA (301. The minimum diameter of wire shall be USS 6 gauge (4.88 mm) for all
pipe sizes (see Figure 4).

5.6.1 Gross wrapping stress of wire. The design gross wrapping stress f, the

stress in the wire during wrapping, is 75 percent of the specified minimum tensile
strength of the wire.

fsg = 0.15f5,

5.6.2 Yield strength of wire. The design yield strength of wire f;, is 85 percent
of the specified minimum tensile strength of the wire.

foy = 0.85f,
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Figure 4 Stress-strain relationship for 6-gauge prestressing wire in tension after
wrapping at fg,

This stress level corresponds to the 0.2 percent strain offset in a wire hefore
prestressing.

5.6.3 Modulus of elasticity of wire. The design modulus of elasticity of wire,
after wrapping at fg,, for stress levels below fgg, shall be

E, = 28,000,000 psi (193,050 MPa)
5.6.4 Stress—strain relationship ofwire.* The design stress—strain relation-

ship for prestressing wire, after wrapping at fsg» 18 shown in Figure 4 and is given in
the following equation:

fs

e, B, for e < fo /B, (Eq 5-7)

£ {1 -[1-0.8133(e B, /f, )17 Hor &> f,,/ E,

*For commentary see appendix A, See. A.12.
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SECTION 6: STRESSES FROM PRESTRESSING

Sec. 6.1 Notation

A, = core concrete area, excluding steel-cylinder area Gn.%ft [mm?m])
A, = total area of prestressing wire (in.%/ft [mm?%m))
Ay = area of the j-th layer of prestressing wire Gn.%ft [mm%m])
Ag = area of the final layer of prestressing wire (in.2/ft (mm%m})
A, = stecl-eylinder area (in.2ft [mm?m])
Cgp = concrete modulus of elasticity multiplier
Cr = wire intrinsic-relaxation multiplier
C, = concrete shrinkage strain multiplier
C, = concrete crecp factor multiplier
D, = outside diameter of steel cylinder (in. [mm])
E, = design modulus of elasticity of core concrete (psi [MPal])
E, = design modulus of elasticity of prestressing wire (psi [MPal)
E, = design modulus of elasticity of steel eylinder (pst {MPa])
f. = design 28-day compressive strength of core concrete (psi [MPal)
fic = initial prestress in core concrete (psi [MPa])
fw- = initial prestress in core concrete after applying the j-th layer of
prestressing (psi [MPa])
f.,r = final prestress in core concrete (psi [MI’a])
fig = gross wrapping stress in prestressing wire = 0.75 fou (psi [MPal)
fis = initial stress in a single layer of prestressing wire (psi [MPal}
i = initial stress in the j-th layer of prestressing wire (psi [MPal])
f., = final prestress in a single layer of prestressing wire (psi [MPa])
forj = final prestress in the j-th layer of prestressing wire (psi [MPal)
fou = specified minimum tensile strength of prestressing wire (psi [IMPal)
fiy = initial prestress in steel cylinder {psi [MPa])
for = final prestress in steel cylinder {(psi [MPal)
h.; = thickness of inner core concrete (in. [mm])
k., = thickness of outer core concrete {in. {mm])
h, = thickness of coating, ineluding wire diameter (in. [mm})
7 = intrinsic relaxation of wire at 1,000 h, percent of initial stress
n;, n, = modular ratios of prestressing wire to core concrete at wrapping and
at maturity, respectively :
n/, n,, = modular ratios of steel cylinder to corc concrete at wrapping and at
maturity, respectively
P, = decompression pressure that relieves final prestress in the core
concrete (psi [kPal)
R = wire-relaxation factor for a single layer of presiressing
Ry = wire-relaxation factor for the outer layer of prestressing
R; = wire-relaxation factor for the j-th layer of prestressing

RH = relative humidity (percent)
design shrinkage strain for a buried pipe

©
1]

*For commentary see appendix 4, Sec. A.13.
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= shrinkage strain for inner core, outer core and coating, and coating
only, respectively

Scis Scams Sm

sj, 89 = shrinkage strain for inner core and outer core, respectively, when
volume-to-surface correction factor = 1.0
f; = time period of exposure of pipe to outdoor environment (day)
t; = time period of exposure of pipe to burial environment before water
filling (day)
o = design creep factor for a buried pipe
Opir Veom» O = creep factor for inner core, outer core and coating, and coating only,
respectively
®1, 0o = creep factor for inner core and outer core, respectively, when
volume-to-suxface correction factor = 1.0
y,y" = creep and shrinkage volume-to-surface ratio correction factor,
respectively
p,p° = creepand shrinkage relative humidity correction factor, respectively

Sec. 6.2 Presiress Losses

The state of stress in PCCP is governed by the prestress losses resulting from
creep and shrinkage of concrete and mortar and relaxation of the wire.

Sec. 6.3 State of Stress With a Single Layer of Prestressing

6.3.1 Initial prestress. The initial prestress in the concrete core, the steel
cylinder, and the prestressing wire is

Asfsg

fie = > (Eq 6-1)
T A v A+ A

fiy = nife (Eq 6-2)
fis = fsg+ M fie {Eq 6-3)

where compression is taken as positive, and tension is taken as negative.

6.3.2 Final prestress. 'The final prestress in the concrete, the steel cylinder,
and the prestressing wire, after creep and shrinkage of the concrete core and the
mortar coating and relaxation of the prestressing wire, is

f = fLC(AC + nrAs + n;-IAy) - (ASES +AJ’E}’)S _ASRng (Eq 6—4)
cr Ac+(nrAS+ nr'Ay](1+¢)

Ac(ficq)nr’ + EyS) - RAsfsgnr‘( 1+9)
A+ (nAg+n, AN +9)

It

for = Fiy+ (Eq 6-5)

Af on, +Es)-RASf,n(1+0)

for A +(n A+ n,‘A},)(1+¢)

(Eq 6-6)

fio+ R gt
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6.3.3 Decompression pressure. The decompression pressure P,, the pressure
that just overcomes the final prestress in the core, is

forlAg+n,Aj+n, A)

60,

P =

@

(Eq 6-7)

Sec. 6.4 State of Stress With Multiple Layers of Prestressing

6.4.1 Applicabiiity‘* This section applics to pipe with multiple layers of
prestressing where the clear radial distance between layers is nominally equal to one
wire diameter. For designs with greater radial distance between prestressing layers,
special designs are required.

6.4.2 Initial prestress. The initial prestress in concrete for a pipe with

multiple layers of prestressing is the sum of the initial prestress caused by each layer
of prestressing:

fic = ﬁcl+ﬁc2+fic3 (Eq 6-8)
Where:
Aslf‘g

- 8 Fa 6-

fie1= A +ng A+ n Ay (Eq 6-9)
A-2 38

e 2= . Eq 6-10

fic2 A Ay +Ag +n A (Eq )
Agg f.g

3= : - (Fq 6-11)

fie = A +nfAg+An+Ag)+n Ay
The initial prestress for each layer of prestressing wire is

fis1= _f.:sg + nilfie1 +fiea + fic ) (Eq 6-12}
fisz= _fsg +nilfica + ficd) (Eq 6-13)
fiss= ~fog * Nifics (Eq 6-14)

The initial prestress in the steel eylinder is given in Eq 6-2.

*For commentary see appendix A, Sec. A.14.
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6.4.3 Final prestress. The final prestress is given in Eq 6-4 for concrete core
and Eq 6-5 for steel cylinder, with Ag = Ay + Ag + Agg. The final prestress in the j-th

layer of prestressing is

Ac(ficq)nr+ESS)‘—( iRkAbk] fsgnr(l + ¢]
F=1

firi = Figi tRiFoy* . (Eq 6-15)
srf | tgj T 4Yif sg AC+(nrA5+ n, A},)(1+¢)

6.4.4 Decompression pressure. The decompression pressure for a pipe with
multiple layers of prestressing is given in Eq 6-7, with A, = A ; + Aje + Aga.

See. 8.5 Modular Ratios

The modular ratios for concrete where £, is in psi are as follows:

Cast Concrete Spun Concrete
At Wrapping:
Por ob ey 109 (£, %3 100 ( £,y 03
e @ be e e ny’ 117 (£,y03 107 (£,708
After Maturity:
Px el el n, 93 (£,)03 95 (£)08
for ol obens o 99 (£,)03 102 (£,703

Where /. is in MPa, replace f;" in the above equations with 145 £

Based on the quality-assurance test of concrete modulus of elasticity discussed
in Sec. 5.3.4, if the design modulus of elasticity needs to be reduced, then the
modular ratios described in this section shall be inercased by dividing them by Cg.

Sec. 6.6 Design Creep Factor and Design Shrinkage Strain for Buried Pipe"

For a buried pipe, the crecp factor ¢ and shrinkage strain s are

_ gt hn)0com = PO * il (Eq 6-16)
ho+he,
. = R+ p)Scom = FnSm * Reilei (Eq 6-17)

hoythe

Where:

Ouir Peoms Prmr Scir Scom» and 8y are crecp factors and shrinkage strains for the
inner core, the outer core plus the coating, and for the coating, respectively.

If, based on the quality-assurance tests of concrete creep and shrinkage
discussed in Sec. 5.3.6, the design creep factor and shrinkage strain need to be
increased, the values of ¢ and s computed in Eq 6-16 and 6-17 shall be multiplied by
Cy and C, respectively.

*For commentary see appendix A, Sec. A.15.
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The volume-to-surface ratio of a cylinder with only one exposed surface is equal
to its thickness. Crecp factors and shrinkage strains are expressed in terms of
volume-to-surface ratios as follows:

b = Q1v(ag) (Eq 6-18)
Grom= Po¥{fey + i) (Eq 6-19)
O = G21lhn) (Eq 6-20)
and
Sei = S1Yy Ay (Eq 6-2D)
Seom = 52¥ (o + fip) (Eq 6-22)
S = sV () (Eq 6-23)
Where:

y and ¥~ are volume-to-surface correction factors for creep and shrinkage.

91, 51, $g, and sg are the creep factors and shrinkage strains for inner core
concrete and outer core concrete for the special case of y = y" = 1.0. The functions y(%)
and y'(h) of the volume-to-surface ratio h are:

o(h) = Ygil+ 11377 (Eq 6-24)

yv(h) = 1.2¢7%1% (Eq 6-25)

Values of &1, 03, 51 and sp are determined on the basis of the following design
scenario for exposure of buried pipe:

1. The inner and outer surfaces of the pipe are exposed to an outdoor
environment with a specific relative humidity RH for ¢; days.

9 The inner and outer surfaces of the pipe are exposed to a burial
environment with 92.5 percent relative humidity for an additional t5 days.

3. The inner surface of the pipe is exposed for the remainder of the pipe's
service life to a 100 percent relative humidity environment (water-filled condition),
while the outer surface continues to be exposed to the burial environment.

The minimum values of £, and 3 for which the pipe shall be designed are

¢, = 270 days (9 months); 5 = 90 days (3 months).

Longer exposure periods may be specified by the purchaser.

Values for 91, 09, 51, and sy are given in the following table for ¢; = 270 days, to
= 90 days, and two different relative humidities of the preburial environment. The
design relative humidity before burial may not exceed 70 percent. For a design
relative humidity between 70 and 40 percent, the constants §1, ¢g, 51, and sy shall be
computed by linear interpolation between the values given in the table. For a design
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relative humidity less than 40 percent, the constants ¢y, 0o, s1, and sg shall be those
given in the table for RH = 40 percent.

Cast Core Spun Core
Constant RH = 70% RH = 40% RH = 70% RH = 40%
'Y 1.76 2.12 1.06 1.27
0y 1.79 2,14 — —
8y 184 x 1078 262 x 1078 111 x 1078 157 x 1078
59 299 x 1075 377 x 1078 — —

Values of 01, ¢9, 51, and sy for cast core concrete when t; # 270 days or tg # 90
days may be calculated from the following expressions:

oy = 2.35{ p-080_, 0.05 06+0.6} (Eq 6-26)
1+10/8, 7 1+ 10/( +ty)
9y = 2‘35[_9—*%% + 0.65] (Eq 6-27)
1+10/t,"
F (0 —0.225)t, 0.225(¢, +1
sy = 312x10 6[“’ i (y + 2)} (Eq 6-28)
t;+5b ty +ty+ 05
F (0.4p’ - 0.09)t
55 = 780x 10 ﬁ[i_‘.’_—b . 0.225] (Eq 6-29)
t;+955
Where:
p = 0.8 and p =0.7 for RH = 70 percent
p = p =10 for RH = 40 percent

Values of ¢y, ¢, 51, and s for spun core concrete are 60 percent of the values
calculated for cast concrete,

Sec. 6.7 Wire-Relaxation Factor

6.7.1 The wire-relaxation factors for pipe with a single layer of prestressing,
using ASTM A648 wire with normal intrinsic relaxation and prestretched to
fig = 0.75 f;,, are as follows: '

R = 0.111 — 3.5(A,/A,) for cast concrete (Eq 6-30)
R = 0.132 - 3.1(A,/A,) for spun concrete (Eq 6-31)

6.7.2 The wire-relaxation factors for multiple layers of prestressing, using
ASTM A648 wire with normal intrinsic relaxation and prestretched to /g, = 0.75 fous
are as follows:

g b o
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A, A, A
Ry = 0.113- 5‘8[0.64 sl 0.36[—-‘5 - —31]:] for cast concrete (Eq 6-32}
. A, A, A,
A, A, A
Ry = 0.127 - 5.0[017(—“ - —ﬁ) + 0.83—5—1 for cast concrete {Eq 6-33)
A(‘ AC AC
A A, A
Ry = 0.101- 2.5[0.65 sty 0.35[_" , "I)].for spun concrete (Eq 6-34)
AC AC AC
A, A, Ag
Re = 0.127- 2.5[0.06[;: - X‘”’f} + 0.94Eiﬂ for spun concrete (Eq 6-35)
Where
R, = the relaxation factor for the first layer

v
Ny
I

the relaxation factor for the final layer of prestressing

The relaxation factors for the other layers of prestressing are obtained by linear
interpolation.

6.7.3 Each factory wherec ASTM A648 wire is made for PCCP shall perform a
quality-assurance test of wire relaxation. The normal intrinsic relaxation of wire for
an initial stress of 0.7 fi,, at 1,000 h, determined in accordance with the requirements
of ASTM A648, is denoted by I. For normal intrinsic relaxation, I = 6.8 percent of the
initial stress. The wire intrinsic relaxation multiplier, Cp = 1/6.8, is the ratio of the
intrinsic relaxation of wire to normal intrinsic relaxation. If Cp > 1.1, the
wire-relaxation factors shall be calculated based on the provisions of Sec. 6.7.4 and
6.7.5.

6.74 The wire-relaxation factors for pipe with a single layer of prestressing,
using ASTM A648 wire with higher than normal intrinsic relaxation and pre-
stretched to fig = 0.75 fg,, are

R —0.035 + 0.146 Cp — (0.95 + 2.55Cp A /A,) for cast concrete (Eq 6-36)

R

0.004 + 0.128 Cp — (2.01 + L.09CR)NA,/A,) for spun concrete {Eq 6-37)

6.75 The wire-relaxation factors for multiple layers of prestressing, using wire
with higher than normal intrinsic relaxation and prestretched to fog = 0.75 f5, ave

A,
Ry = 0.044+0.069 CR—5‘8[0.64 e

A
+ 0.36(—3 —és—lﬂ for cast concrete (Eq 6-38)
A A

4

A, A A
Ry = 0.050+0.077 Cp- 5.0[0.17[;? ~Zel) + 0,855 for east conerete (g 6-39)
¢
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A
Ry= 0.032+0.069 Cx- 2.5[0.65—;—1 +0.35

| A A A
Ry= 0.050+0.077 Cp~ 2.5[0‘06(;1—3 - ff) . 0.94Xﬂ for spun concrete (Eq 6-41)
[ C 1

[

A, A
[Xj - f)] for spun concrete (Eq 6-40)

SECTION 7: CRITERIA FOR LIMIT-STATE LOADS

AND PRESSURES

See. 7.1

Notation

nm‘-cb :aa" FL‘-?:‘ Gn:;. rEb-

=

2

BN

fsa
Fsu
f sy

f Xy

fy

ftm

FT1, FT2
FW1
FWT1-FWT6

Py
Py

W1, W2
WT1-WT3

1

core concrete area, excluding steel-cylinder area (in.Z/ft fmm%*m))
total area of prestressing wire (in.%4t tmm%m])

steel-cylinder area Gn.2/ft [mm?/m])

center-to-center wire spacing (in. (mml]}

wire diameter (in. [mm}}

outside diameter of steel eylinder (in. [mm}) -

design modulus of elasticity of core concrete {(psi [MPa])

design modulus of clasticity of coating mortar (psi [MPa))

final prestress in core concrete (psi [MPal)

design 28-day compressive strength of core concrete (psi [MP=al)
design 28-day compressive strength of coating mortar (psi {MPal)
0.75 f,, = gross wrapping stress (psi [MPal)

specified minimum tensile strength of wire (psi (MPal}

0.85 f,, = wire tensile yield strength, corresponding to 0.2 percent
offset strain (psi [MPa])

design tensile yield strength of steel cylinder (psi [MPal)

design tensile strength of core concrete (psi [MPal)

design tensile strength of coating mortar {psi [MPa])

design factored working-load and field-test pressure combinations
design factored working-load combination

design factored working- plus transient-load and internal-pressure
combinations

decompression pressure (psi [kPa])

maximum internal-pressure limit under working plus transient
condition (psi [kPa])

design working-load and internal-pressure combinations

design working- plus transient-load and internal-pressure
combinations

*For commentary see Appendix A, Sec. A.16.
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£’ = tensile strain limit in core concrete at first visible cracking
€, = tensile strain limit in coating mortar at first visible cracking
g, = tensile elastic strain corresponding to tensile strength of concrete
core, f;’
£4m = tensile elastic strain corresponding to tensile strength of coating
mortar, fir,
g, = tensile strain limit in core concrete for working conditions alone
€um = tensile strain limit in coating mortar for working conditions alone

Sec. 7.2 Limit-States Design

PCCP shall be designed for the following limit states:
1. Serviceability limit states
2. EKElastic limit states
3. Strength limit states

Sec. 7.3 Serviceability Limit-States Design Criteria

The serviceability limit-states design eriteria for working and working plus
transient conditions shall be as follows:

7.3.1 Core crack control. 'The tensile strain at the inside surface of the core
shall be limited to the following:

load and pressure combination W1:¢,," = 1.5¢,

load and pressure combinations FT1, WT1, and WT2: ¢;," = 11e,/

7.3.2 Radial tension control. The calculated radial tensile stress at the

interface between the inner core and cylinder of ECP shall be a maximum of 12 psi

under working-load combination FW1 and under working-plus transient-load
combination WT3.

7.3.3 Couating crack control. The tensile strain at the outside of the coating
shall be limited to the following:

load and pressure combination W1: €, = 0.8¢;7,

load and pressure combinations FT1, WT1, and WT2: g7, = 8,7,

The tensile strain at the outside surface of the concrete core shall be limited to
the following:

load and pressure combination W1: ¢,," = 1.5¢,

load and pressure combinations FT1, WT1, and WT2: ¢, = 11¢,

7.3.4 Core compression control. The maximum compressive stress at the in-
side surface of the core shall be limited to the following:

load combination W2: 0.55f,
load combination WT3: 0.65f,

o O N
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7.3.5 Maximum pressures. The maximum internal pressure shall be limited
to the following:

ECP
load and pressure combination W1: P,

load and pressure combination WT1: min. (14 P, Py')

LCP
load and pressure combination Wi: 0.8 P,

load and pressure combination WT1: min. (1.2 P, Py)

Where:

P; = the internal pressure that, acting alone, produces (1) strain in the
coating of 0.5 € ,; or (2) axial tensile stress in the core 0f5JfT.’
where £, is in psi or 0.41 JE where £, is in MPa for ECP, and
3./F; where f; is in psi or 0.25 ff, where f; is in MPa for LCP,
caleulated using the uncracked properties of the net section, which-
ever is less.

Sec. 7.4 Elastic Limit-States Design Criteria

The elastic limit-states design criteria also represent serviceability require-
ments, because exceeding the elastic limits does not cause failure of the pipe. These
criteria apply to working-pressure and load plus transient-pressure and load
conditions or to working-pressure and load conditions if no transient condition is
required. The elastic limit-states design criteria are as follows:

7.4.1 Wire-stress control. 'The maximum tensile stress in the prestressing
wire from load and pressure combinations FWT1, FWT2, and FT2 shall remain
below the gross wrapping stress, fg,, and the maximum compression in the core from
the same load combinations shall not exceed 0.75 /.

7.4.2 Steel-cylinder stress control for ECP. The maximum tensile stress in the
steel cylinder of ECP from load and pressure combinations WT1, WT2, and FT1 shall
remain below the design yield strength of the steel cylinder £, should the concrete
crack at the inside of the pipe wall at the crown and invert. Also, to preclude
separation of the cylinder from the outer core, should the inner core crack, the tensile
stress in the cylinder caused by external load alone (with zero pressure) from load
combination WT3 shall not exceed the compressive prestress in the cylinder.
Although the application of pressure increases the tensile stress in the cylinder, the
pressure also compresses the cylinder against the outer core concrete so that the
maximum condition for separation occurs with zero pressure in the pipe.

Sec. 7.5 Strength Limit-States Design Criteria

The strength limit-states design criteria, applied to the working plus transient
conditions, are as follows:

7.5.1 Wire yield-strength control, The maximum tensile stress in the pre-
stressing wire shall not exceed its yield strength, f;,, when the pipe is subjected to
the factored load and pressure combinations FWT3 and FWT4,

A - AT i B A
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SECTION 8: CALCULATION OF LIMIT-STATE LOADS

AND PRESSURES’

Sec. 8.1 Notation

o

w

c-'-.?}-‘:‘?.}

‘-cpd u;g"

[+8

g

I

fr’

fci

feo

fcr’ f;r’ for

fey
fmi’ fmm! fmo

fms
fsu
af;
£(8), £oi(®), £ (®)
fSrf
Af,

Fy

3y

Il

core concrete area, excluding steel-cylinder area (in.2/ft {mmgf’m])
total area of prestressing wire (in.%/ft [mm?%m])

area of the j-th layer of prestressing wire (in.2t [mm?%m))
steel-cylinder area (in.2/ft [mm%m]}

width of pipe cross section equal to 1 ft (0.30 m)

wire diameter (in. [mm])

distance between midsurface of steel cylinder and inner surface of
core (in. [mm)])

clear distance between two layers of prestressing wire in pipe with
multiple layers of prestressing (in. [mm})

outside diameter of steel cylinder (in. [mm])

radial distance of line of action of thrust N from inner surface of core
(in. [mm])

radial distance of line of action of thrust N, from inner surface of core
{(in. [mm]})

design modulus of elasticity for core concrete and coating mortar,
respectively (psi [MPal)

design modulus of elasticity of prestressing wire and steel cylinder,
respectively (psi [MPa))

design 28-day compressive strength of core concrete (psi [MPaj)
design tensile strength of core concrete (psi [MPa])

concrete stress at inner surface of core {(psi [MPa))

concrete stress at outer surface of core (psi [MPal}

final prestress in core concrete, steel cylinder, and prestressing wire,
respectively, compression is positive (psi [MPal)

concrete stress at midsurface of steel cylinder (psi [MPal])

stresses at inner, middle, and outer fibers of coating, respectively
(psi [MPa))

coating stress at center of prestressing wire (psi [MPal)

specified minimum tensile strength of wire (psi [MPal])

stress in the outer wire relative to the state of decompressed core
concrete (psi [MPa])

stress in core, the j-th layer of prestressing wire, and steel ¢ylinder,
respectively, corresponding to strain ¢ {psi [MPa])

final prestress in outer layer of prestressing wire, compression is
positive (psi (MPal)

stress in steel cylinder relative to the state of decompressed core
concrete (psi [MPa])

tensile yield strength of steel eylinder (psi [MPa})

design tensile strength of steel cylinder at pipe burst (psi [MPa]}

*For commentary see appendix A, Sec. A18.
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FT1, FT2
Fwil
FWT1-FWTé6

hc
b,
hm
R, k', by

n

My, Mo

Mcil My’ Mco’ Msv M,

ty
W1, W2
WT1-WT3

B, B,

€eis Ecor Emir Emms B

Ag,y, AEg

Eeor

E k’

tm
€qy, Bou
€

€y

Esg,
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stress resultants in the inner core section, steel cylinder, outer core )
section, prestressing wire, and coating, respectively (Ibf/ft [N/m]) B
design factored working-load and field-test pressure combinations
design factored working-load combination ;
design factored working- plus transient-load and internal-pressure "
combinations 3
core thickness, including thickness of cylinder (in. [mm])

(Dy—Di-)L‘Z —t, = thickness of inner core concrete {in. [mm]) i
coating thickness, including wire diameter (in. [mm])
dimensionless factors related to locations of neutral axis, defined in
Sec. 8.9.1 through 8.9.4, separately
modular ratio of coating mortar to core concrete

bending moment at invert and crown or springline, respectively
(Ibf-in./ft [N-m/m])

moment of stresses in the inner core section, steel cylinder, outer core
section, prestressing wire, and coating, respectively (Ibf-in. [N-m/m]}
modular ratio of prestressing wire and steel cylinder to concrete,
hased on design moduli of elasticity

thrust, resulting from final prestressing (Ibf/ft [N/m]}

thrust that produces f,, and £, stresses in prestressing wire (1bf/ft
{N/m])

thrust that produces £, stress in steel cylinder of ECP (Ibf/ft [N/m])
thrust from internal pressure and loads at invert or crown, and
springline, respectively (Ibf/ft [N/m])

maximum thrust limit under working plus transient conditions (Ibf/ft
[N/m])

burst pressure (psi [kPa])

maximum pressure limit under working plus transient condition,

Eqg 8-1 and 8-2 (psi kPa])

part of core under tensile softening in the descending section of
stress—strain diagram (in, [mml)

part of core under tension in the ascending section of stress—strain !
diagram (in. Imm])
thickness of ecylinder (in. mm]) i
design working-load and internal-pressure combinations
design working- plus transient-load and internal-pressure !
combinations !
ratio of the depth of Whitney block to the depth of the compression t
region for core and coating, respectively !
strain in the inner and outer surfaces of the core, and in the inner,
middle, and outer surfaces of the coating, respectively

strain increments in the midsurface of steel cylinder and center of the
outer layer of wire, relative to the state of decompressed core,
respectively

concrete strain corresponding to f,.

tensile strain limit in core conerete at first visible cracking

tensile strain limit in coating mortar at first visible cracking
prestressing wire strains corresponding to fo, f5y» and £, respectively
tensile strain in the extreme fiber of the core

elastic strain corresponding to tensile strength of core concrete, f;”



34 AWWA C304-99

A = dy/t;in Sec. 8.9.1 and (he - dy)tg in Sec. 8.9.2
i

M = hp/2h,
Ao = dg/2h,
Ay = WJ-Yads + (= Ddylihe
Ay, = dylhe
v = gfe,—-1=10
vg = Egfef —lorgy,le —1
Vi = e = 17T
5, = radial tension between inner core and cylinder of ECP (psi [MPal)

Sec. 8.2 Limit-States Design Procedures

The design internal pressures, stresses, strains, and moments in the pipe wall
shall not exceed the limiting design criteria given in Table 3 for ECP and in Table 4
for LCP.

Stresses and strains in the pipe wall shall be calculated from moments and
thrusts in the pipe wall resulting from internal pressures, external loads, and the
weights of pipe and fluid. Moments and thrusts in the pipe wall shall be calculated
by the procedures given in Scc. 4 using load and pressure factors presented in Sec. 3
and summarized in Table 1 for ECP and in Table 2 for LCP. The calculation of
stresses and strains from moments and thrusts and the calculation of limiting
pressures and moments shall follow the procedures defined in this section.

Sec. 8.3 Maximum Pressures

The maximum pressure P, as defined in Sec. 7.3.5, is as follows:

For ECP

058, . 5.Jf
P, =P, mm.[ LI i;/f_} (Eq 8-1)
: er

oF

Where f,” and £, are in psi.

0.5¢," . 041fF
P, = P, min. [ o’ , G4
EC-" fl'_'f'

Where £, and f, are in MPa.
For LCP

0.5¢, 3./
P, =P, min.[ Am 1+ fCJ (Eq 8-2)
Eor fcr

Where f,” and f,, are in psi.

0.5¢;; .25 j1,.°
P, = P, min. Chm oy 5.1
Ecr fc?'

Where f,” and £, are in MPa.

'Y




Table 3 Design load combinations and calculation references for embedded-cylinder pipe
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criteria
e
Limit States Applicable Load  Caleulation
and Location Purpose Limiting Criteria® Combinationst Reference
Serviceability To preclude core P=P, W1 {Eq 6-7)
at Full Pipe decompression
Circumference
Ty preclude coating cracking  Pressure limit: WT1 (Eq 8-1)
P = min{Py, 1.4 Py}
Serviceability at  To preclude onset of core Inside core tensile strain limit: W1 Sec. 8.9.1
Invert/Crown microcracking £, = 1.5¢,
Inner core-to-cylinder radial tension Fw1 (Eq 8-5)
limi: o, = 12 psi (0.82 MPa)
To preclude onset of core Inside core tensile strain limit: WT1, WT2, FT1 Sec. 8.9.1
visible cracking gy = g = 11z,
Inner core-to-cylinder radial tension WT3 {Eq 8-5)
limit: o, = 12 psi (0.82 MPa)
Serviceability at Tn preclude onset of core Outer core tensile strain limit: W1 Sec, 8.9.2
Springline microeracking and to control €en = 1.0¢,7
i ‘k- f 'zl t.
ficrocraciing of conting QOuter coating tensile sirain limit: -,
Emg = 0.8ty = 6.41,
To preclude coating visible Outer core tensile strain limit: 4 WT1, WT2, FT1 Sec 892
cracking €0 = B = 11,
Quter coating tensile strain limit:
Ema = Ek,m = 8’:!:?1
To control core compression Inner core compression limit: W2 Sec. 8.9.2
fui=055f
Inner core compression limit: WT3 Sec. 8.9.2
£ = 085 f)
Elastic Limit at  To preclude exceeding limit Cylinder stress reaching yield: WT1, WT2, FT1 Sec. 8.9.1
Invert/Crown stress in steel cylinder v v AL 2 h,
Onset of tension in cylinder: WT3 Sec. 8.9.1
St n'fp+Af, =0
Elastic Limit at  To preclude exceading wire fsg wire stress limit plus core FWT1, FWT2, FTZ Sec. 89.2
Springline limit stress, fo;, and maintain compression limit:
core compression below 0.75 f, —f, + nfo, + Af, = [,
Fi = 09517
Strength at To preclude wire yielding f;y wire stress limit: FWT3, FWT4 Sec. 8.9.2
Springline —for ¥ fer A = fy
To preclude core crushing Ultimate moment: M = M, FWT5 Sec. 8.9.3
Burst Pressure  To prevent burst failure Pz P, FWTG (Eq §-4}

*See Sec. 8
1See See. 4
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Table 4 Design load combinations and calculation references for lined-cylinder pipe criteria

Limit States Applicable Load  Calculation
and Location Purpose Limiting Criteria* Combinationst Reference
Serviceability To preclude core decompression P=08PF, W1 {Eq 6-7)
at Full Pi -
. pe To preciude coating cracking Pressure limit: WT1 {Eq 8-2)
Circumference ; .
P =min{P, 12 F;} :
Serviceability at  To preclude onset of core Inside core tensile strain limit: Wl Sec. 3.9.1
Invert/Crown micracracking gy = 1.5,
To preclude anset of core Inside core tensile strain limit: WT1, WT2, FT1 Sec, 89.1
visible cracking g, = Fp = 1lg’
Serviceability at To preclude onset of core Quter core tensile strain limit: W1 Sec. 8.9.2
Springline microcracking and to control €, = 1.5¢,
microcracking of coati
OETACRINg @ ne Outer coating tensile strain limit:
oy = 0.BE = 6.4,
To precinde coating visible Outer core tensile strain limit: WT1, WT2, FT1 Sec. 8.9.2
cracking £, = 11g/
Outer coating tensile strain limit:
By T Ep oy = 8&‘,:“
To control core compression Inner core compression limit: w2 Sec. 8.9.2
fa = 0.55 £, e
Inner core compression limit: WwT3 See, 8.9.2
fi =085 f
Elastic Limit at  To preclude exceeding wire fig wire stress limit plus core FWTL, FWT2, FT2 Sec. 8.9.2
Springline limit stress, fz, and core compression limit:
compression stress of 0.75 f; ~for + 0o + 0fy = [y
fo =05 f7
Strength at To preclude wire yielding fiy Wire stress limit: FWT3, FWT4 Sec. 8.9.2
Springline ~f + fer + Af = fy
To preclude core crushing Ultimate moment: M = M, FWT5 Sec. 89.3
Burst Pressure  To prevent burst failure P=P, FWTG (Eq 8-4)
*See Section 8
1See Section 4
Sec. 8.4 Maximum Thrust
The maximum thrust Nj" is
N, = 6D,P, (Eq 8-3)

Where D, is in in. and Py’ is in psi.

Ny = %DP,’

Where D, is m mm and P, is in kPa.
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Sec. 8.5 Burst Pressure

The burst pressure of the pipe is

AFA, +ALL
p, - _v’r_%)__fg (Eq 8-4)
¥

. - d . . .. -
Where A, and A, are in in.?, f vy and fg, are in psi, and D, is in in.

A%, +AFf
P =9 ¥ F¥ sfau
b D

¥

Where A, and A are in mm?, f *_},y and f,, arc in MPa, and Dy is in mm.
Sec. 8.6 Radial Tension

The maximum radial tension, o, developed between the inner core and steel

cylinder of ECP at the invert or crown of the pipe subjected to the bending moment
M,y is computed as the maximum of

; : }\-
5, = g-‘ﬁ'(1+u2){2—f] for v, 50

¥
h’!’.‘]‘.‘ . \-'2 .
= = 5 [2—'—(2“1):1 for <1 and Vo >
D}, v
ho.
= 5‘3 ;}[2(1 + vy} - E\;—Q %(1+ V) - vz}u:[ for > 1 and Vg >0 (Eq 8-5)
¥

as vy = g, /¢4 — 1 ranges from —1 to 10. The value of % is computed by the procedure
described in Sec. 8.9 for computation of stresses and strains in the pipe wall
subjected to moments and thrusts.

Sec. 8.7 Combined Loads and Internal Pressures at Design Limit States

The maximum loads that may be combined with any specified internal pressure
and the maximum internal pressures that may be combined with any specified
external load for each of the design limit states defined in Sec. 7 shall be determined
using the combined moment-thrust design limits described in Sec. 8.2, together with

the relationships between internal pressure, external loads, pipe and fluid weights,
and moments and thrusts given in Sec. 3 and 4.

Sec. 8.8 Lines of Action of Thrusts

The radial distance from the inside surface of the pipe to the line of prestress
thrust N, is

0562, +nA(1+L)+(n - DAL,

=4
’ bh +nA_+(n - DA,

e(} [

(Eq 8-8)




38 AWWA C304-99
and to the line of combined-load thrust N resulting from internal pressure and loads is

0.5bh,+ (n-m)A,(1+ Ag+(n -1DAR + mbh, (1+4,)

=h (Eq 8-7)
¢ ¢ bh,+(n-m)Ag+ (0 -1)A, +mbh,, 4
Where:

n = EJE,

n’ = E,/E, for both cast and spun concrete
-E_m for Emm s Er’m

m = E g’ (Eq 8-8a)
Mgt -1 for g,,, <€, , <€
K (—¢ 1) tm mm ko

¢ L

0 for _Emm 2 Ek’m

In Eq 8-8a, &, refers to the strain in the mortar coating resulting solely from
the thrust N; and is calculated from the following equation:

N; i
Epm =~ i = 1,2 (Eq 8‘8b)
E [bh +(n-m)A+(n' - DA, + mbh,,1

For pipe with multiple layers of prestressing, set A;=ZA  and Ay (1 + Ag)
= EAS_] (1 + }'S_j)

Sec. 8.9 Conformance With Limit-States Criteria®

The computations of the stresses and strains in the pipe wall and of the moment
limits used to ensure that pipe design conforms to all limit-states criteria for the type
of pipe selected shall follow the equations and the procedures stated in this section.

The computations of stresses and strains in the pipe wall subjected to moments
and thrusts shall follow Sec. 8.9.1 for the invert and crown and Sec. 8.9.2 for the
springline. In both cases, the computation procedure is as follows:

1. Assume a strain value for the extreme fiber of core concrete in tension. In
Sec. 8.9.1 and 8.9.2, this is done by assuming a value for vo.

2. Assume a gradient for the linear strain distribution resulting from the
bending moments and thrusts acting on the section of pipe. In Sec. 8.9.1, this is done
by assuming a value for % and in Sec. 8.9.2 by assuming a value for %,

*For commentary see appendix A, Sec. A, 19,
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3. Compute the stress distribution over the cross section using the stress—
strain relationships for the constituent materials described in Sec. 5 and the residual
stresses resulting from prestressing.

4. Compute the stress resultants in the constituent materials and set up the
equation for the equilibrium of internal stress resultants and applied thrusts. If the
equilibrium of forces is not achieved, change the strain gradient assumed in step 2
and repeat the calculations.

5. Set up the equation for the moment equilibrium of internal stress
resultants and the applied bending moment and thrusts. If the equilibrium of
moments is not achieved, change the assumed value of the strain at the surface of the
core in step 1, and repeat the calculations.

When moment limits corresponding to the strain and stress limit criteria are
computed, use the following procedure:

1. Usec a strain equal te or less than the strain limit at the stress limit. In
Sec. 8.9.1 and 8.9.2, this is done by assuming a value for v4. Assume a gradient for
the linear strain distribution resulting from the applied bending moments and
thrusts. In Sec. 8.9.1 this is done by assuming a value for 2 and in Sec. 8.9.2 by
assuming a value for %'

2. Compute the stress distribution over the cross scction using the stress—
strain relationships for the constituent materials described in Sec. 5 and the residual
stresses resulting from prestressing. _

3. Compute the stress resultants in the constituent materials and set up the
equation for the equilibrium of internal stress resultants and applied thrusts, If the
equilibrium of forces is not achieved, change the strain gradient assumed in step 1
and repeat the calculations.

4. Compute the moment from the equilibrium equation for moments consider-
ing the internal stress resultants and the applied thrusts. Change the strain in step 1
and repeat the calculations until the maximum moment is found, Set the moment
limit equal to the maximum moment.

The computation of the moment limits for the ultimate compressive strength of
the pipe wall shall follow Sec. 8,9.3 at the springline and Sec. 8.9.4 at the invert and
crown. The computation procedure shall be based on an assumed compressive-strain
limit of 0.003 for the extreme fiber of the core or coating and a rectangular (Whitney)
compressive-stress block and shall follow the procedure for moment limits corre-
sponding to the strain limit criteria described in this section. The moment limit
calculated by the procedure in Sec. 894 is used in the moment distribution
procedure described in Sec. 4.3.3.

8.9.1 Strains, stresses, thrusts, and moments af invert and crown. The strain
equations stated below express the strains at the critical points of the pipe wall using
the assumed value of strain at the inside surface of the core as expressed by the
nondimensional factor vo and the assumed strain gradient expressed by the
nondimensional factor £ (see Figure 5). The stress equations stated below are based
on the stress—strain relationships of Sec. 5 and the strains at the critical points of the
pipe wall.
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Where
¢, and e are given by Eq 8-8 and 8-9, respectively, and

M, = —Fcihc[1+ks ~‘§] for vy <0
= _F e L-VV_p-T(1ea)h, +t, 2%
= Tt ( +s)lc“rtu2+T et ( +s)lc+t 3

for O <vy<v

- _F - . l1-v '
= - F, [(1+;x2)hc—£r V2+T for vy > v

M, = - Fh(l+X-1)

Moy = = Fooh{ 1542,

2 4
3’”—7\.5)+Fm hc[ 3 I—As)

X
1

F;?I h’l’_ [

For a pipe with multiple layers of prestressing wire (f = 2 or 3), the expressions
for Ae,, Af;, fips Fy, and A, defined earlier in this section refer to the outer layer of
prestressing wire, and

(2j-Ld,+2(j-1)d, .
hyj = S2h forj=1,..F
[

[
S
1l

the total clear mortar thickness between wire layers.

For the j-th layer of prestressing wire, the strain in the wire, g is

= A _fsrf B nfcr
E.-:j = Esj E

5

Where:

Mg
Agg; = 553[1—3—5;1
Aop+

and Ag, is the strain in the outer layer of prestressing wire.

The stress layer in the j-th layer of prestressing wire f;; is calculated from the
prestressing wire stress—-strain function Eq 5-7 substituting &y for €.

In Eq 8-9
F, = ﬁ:Fﬂ

iz
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=0 for vo>vand A<1-Y
Vo

Agg = Em[1+%) Af, "(1+V2)f{[1+%) for AESS&E”‘;"_R}ZF
d

5

& = fe) +f,, ~nf.. for AES>§5:—E‘L:’I—}?‘_’
g
}‘;:r_nfcr
E

5

£ = Ag, -

s

_ 1 2km .
o = Eca + - +E.,

Note that £(e,) denotes the stress in the prestressing wire calculated for a wire
strain of €, from the wire stress—strain function (Eq 5-7).
ZF =0 implies

N,-N, = F +F +F, +F (Eq 8-11)
Where:;
F, = (1= k)AL,
£y o= A8, - fey)
F, = —%bk'hc(1+v2)ﬁ' for vy <0
= Fo+ FL)

where F,, = _ %) £(1+v)f, and

F, = lf’ﬁbt;(\’—\'glfm for 0<vy<v
= - Yebt(1+v)fy for vy > v
FS = “AsAfs

ZM about wire = 0 implies
My+ N, ((1+ A i, —e,]-Ny[(1+ Ath, el = M, + My +M,, (Eq 8-12)
Where:

€, and ¢ are given in Eq 8-6 and 8-7, respectively, and

L}

1-%94
= 008,00

fl

M, = Fyh(1+) 1)

M, thc(xs + %] for v, <0
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- V-V
F. [hcls + tt(vz + u)] + F;‘o’[hcls -t 3 2] for 0<vySv

Fr:ol:hc}"s * f:(\’z + 1-v ; VH for v > v

For serviceability criteria, set e = e,. This requirement is consistent with the
requirement that tensile stress in the mortar coating at the springline be neglected.

For a pipe with multiple layers of prestressing (f = 2 or 3), the expressions for
Agg, Afy, for: F, and A, defined earlier in this section refer to the outer layer of
prestressing wire, and

(2,- 1)d, +2( - 1)d,,

7‘, o= = 1, siay
o 20 J f
Where:
d,, = the total clear mortar thickness between wire layers.

For the j-th layer of prestressing wire, the strain in the wire ¢; is

8-_AE-‘—-}§£L_-E&E

5f LX) E‘,
Where:
A A (1 harhy j
g, = Agll-
4 § Ayt R
Ag, = the strain in the outer layer of prestressing wire.

The stress in the j-th layer of prestressing wire fsj is calculated from the stress—
strain function (Eq 5-7) substituting &; for &,.

In Eq 8-11
FS = ﬁFSJ

i=1

Where:
Fy = "Aaj‘ﬁf;;j’

and Afy; is expressed by Af; with A, f;, and f;, replaced by Ay, f;, and £y,
respectively.

IM is calculated about the center of the cuter layer of prestressing wire by
adding

-1
Ms = ZE&‘_} hc(lsf" ksj)
/=1

to the right-hand side of Eq 8-12.
Equation 8-12 1s valid for Ny < N}
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For Ny > Ny, My shall not exceed the Mg-moment limit corresponding to the
elastic limit stress fsg in the outer layer of prestressing wire (f = 1, 2, or 3). This will
ensure that the limit criterion specified in Tables 3 and 4 is met. The My-moment
limit at Ny is computed by linear interpolation between the calculated Mo-moment
limit at N} and the zero moment corresponding to the axial thrust N,, that causes
elastic limit stress in the outer layer of prestressing wire without external load.

ng =A f(-€.,.+ Agg.)+ Ayfy(*fyr +Ag )+ éAijsj(esrj +Agg,)
i=1

Where:

fo (e + Ag), £, (€, + Agg), and fsj (€ + Aeg,) are the stresses in the core
concrete, steel cylinder, and the j-th layer of prestressing wire, calculated from
the stress—strain relationships of Sec. 5.3.5, 9.5.4, and 5.6.4, respectively: &y =
fyrlEy; €gp=~fsi/Es is the wire tensile strain correspending to the final

prestress in the j-th layer; and Aty = 8y ~ g, 15 the circumferential strain
increment,

For Ny > N}/, M, shall not exceed the My-moment limit corresponding to the
yield strength fsy of the outer layer of prestressing wire (f = 1, 2, or 3). This will
ensure that the limit criterion specified in Tables 3 and 4 is met. The My-moment
limit at Ny is computed by linear interpolation between the caleulated My-moment
limit at N} and the zero moment at the axial thrust Ny, that causes yielding of the
outer layer of prestressing wire without external load.

Ny, = A f(—¢,, + Aeg )+ A f(-e, +AE )+ iAsjfsj (a'w- +AEg)
S=1

Where:

fo (=ter + Aggy), £ (£, + Atgy), and f; (g, + Aeg,) are the stresses in the concrete
core, steel cylinder, and the j-th layer of prestressing wire, caleulated from the
stress—strain relationships of Sec. 5.3.5, 5.5.4, and 5.6.4, respectively; Eyp = f;,,./EJ,;
€y = —f5/E; 15 the wire tensile strain corresponding to the final prestress in the
J-th layer; and AEgy = Egy - £, 18 the circumferential strain increment.

8.9.3 M2-Moment limit for ultimate compressive strength of core concrete. The
strain equations stated below express the strains at the critical points of the pipe
wall using the ultimate strain of 0.003 at the inner surface of the core and the
assumed strain gradient expressed by the nondimensional factor kK (see Figure 7).
The stress equations stated below are based on a rectangular (Whitney} stress block

for core concrete in compression, the stress-strain relationships of Sec. 5, and the
strains at the critical points of the pipe wall. .
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Figure 7 Schematic of strain and stress distributions for computation of M;-moment limit
for ultimate compressive strength of core concrete

Strain Eguations Stress Equations
g.; = 0.008 fi = 0.85f,
R —h /(1+A
Ag, = g, ( ) foy = 0.85f) for d,, < pk'd
= 0 for d, > pk'd

Af, = E,Ae, and shall not exceed £, — £, + n'f,

Afs = f:‘;(Es) + fsr - nfcr

Ag, = g;

In the above equations, f; (¢,) denotes the stress in the prestressing wire
calculated for a wire strain of g, from the wire stress—strain function (Eq 5-7), and

fcl
1,000

B = 0.85- 0.05[ - 4] for £.”> 4,000 psi

If /" is in MPa, substitute 145 /., for £.” in the equation for f.

ZF = 0 implies

Ng~-Ny = F +F +F (Eq 8-13)
Where:
F.; = bBkd(0.85(,).
Fyo= AyBS, —foy)

!
n

“AfA,.
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Note that if ¢, 2 Ae,, = (1.63f,,, + £, — nf., VB

s thenset A, =, + /., - nf,. and
Aty = Agy,,. Furthermore, if
163 e 2.25
}_cfﬁ’ <g < f“, then set Af, = fsu[l n(l ~{0.6133 "’ESJ :' +for—nf,,
ES ES B3 .
B
ECI = l—k‘ﬂss

and
oty

Ae, = Ae 112,

YT

M about wire = 0 implies

My + (N, -Nyl(1 +Adh e ] = Mci"’My (Fq 8-14)

Where:

€, 1s given by Eq 8-8, and
5
Fd(1-5)

M, = Fd-d).

For a pipe with multiple layers of prestressing wire

for Agg, Af5, fif, F., and Ag defined earlier in this sectio
prestressing wire, and

Mci

(f= 2 or 3), the expressions
n refer to the outer layer of

L~ @-Ddo+20-1)d,
sf =

forj=1,..f
2h,
Where:
dy, = the total clear mortar thickness between wire layers,
For the j-th layer of prestressing wire, the strain in the wire gs; 18

£, = AE.-—]‘—‘S_?‘-ER_}‘;:I
sf 5f I

)

Where:
A=A
Agg; = Ass[l——-—“l}
)Lsf+k

and Ag; is the strain in the outer la
The stress in the j-th layer of
strain function (Eq 5-7) subsitutin.

ver of prestressing wire.

prestressing wire £; is calculated from the stress—
g & for g,

\.“*::""""!{'
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Figure 8 Schematic of strain and stress distributions for computation of M{-moment limit
for ultimate compressive strength of coating

In Eq 8-13

Where:
FSj = _Asj Af;y

and Afy; is expressed by Af; with A, f;, and f;, replaced by Asjs fsj» and f5r,
respectively.

IM is calculated about the center of the outer layer of prestressing wire by
adding

f-1
M, = 3 Fh (a2
Jj=1

sj)

to the right-hand side of Eq 8-14,

8.9.4 M;-Moment limit for compressive strength of coating. The Mj-moment
limit for LCP computed in accordance with the procedures of this section is used in
the moement-redistribution procedure deseribed in Sec. 4.3.3.

The strain equations stated below express the strains at the critical points of
the pipe wall using the ultimate strain of 0.003 at the outer surface of the coating
and the assumed strain gradient expressed by the nondimensional factor k; (see
Figure 8). The stress equations stated below are based on a rectangular (Whitney)
stress block for coating mortar in compression, the stress—strain relaticnships of Sec. 5,
and the strains at the critical points of the pipe wall.
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Strain Equations Stress Equations
g, t¢
€y = 2 11 b yg +d, =0
of ki vh, (A-kyd;+d,1  f
€ (I-k)d
ey = —moTter gy Afy - —L Ly LE
4 /eldl+}: ( e fy - kldl+hm er + Etn)
< fyy+fyr~n’fcr
foy = feo
€. +E Ee +Ff
g_—_-_mf__f_‘"_kd _C_"Ei__ffkdfkd;[]
“ " hd, vk, fo = 5 i, o
= 0, otherwise
: E
te,  metle gy g YR Af, = n—"Mmd +hoA)
Rid +h, Rydy+h,
frns = 0.85f, for R — hohg < Boyxh,,
= 0 otherwise
& = 0.003 fmo = 0.85f, for kydy > -hM
=0 otherwise

In the above equations,

_ Enrm(‘klojll + hm)

m -

xh
Emo +ECJ"

The depth of the Whitney biock B, in which

B, = 0.85—0.05[ g = ]wnh £ =

= 5,500 psi
should not be taken greater than the mortar thickness 4,

If £ is in MPa, substitute 145 fe for £, in the equation for B
IF = 0 implies

No-Ny = Fy+Fy+F, +F 4 F, (Eq 8-15)
Where:
FCL' = 0
Fy = A6 - .
F, = 1k ldlfco
Fs = As(afs '"fms)'
Fm = meth(fmo)'
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ZM about cylinder = ¢ implies
Mi+N,(e,~d)-Nyle-d)) = M, ,+M +M,, {Eq 8-16)

Where:
¢, and e are given by Eq 8-6 and 8-7, respectively, and

k]
M = Fopds(1-3])
M, = Fdy + hA)
Mm = Fm(dl +hn1_%ﬁmth)

For LCP, the cylinder and the first layer of prestressing wire are lumped into an
equivalent steel area. Analysis is performed using the following modifications:

1, SetAy,dy=0
2. Replace n by n* where
A .
n* = n[l+—y(n’_1):r for ;=0
A:i n
A #
= n(l+—z E—) for k<0
A n

5
3. Replace wire diameter d, by d*; where

Ad -(n"-1A_¢
d*, = ndsds - (n Ayt fork 20
uAS+(n'—-1)A},

nAd. —nAt
= —s-s-——f—-z for ;<0
nAs+nAy

For a pipe with multiple layers of prestressing (f = 2 or 3), the expression for
Ats, Ag, Fy, and A, defined earlier in this section refer to the outer layer of
prestressing wire, and

(27-1)d;+2(j-1)d,,

hei = forj=1, ..,
¥ 2k, / !

Where:

d, = the total clear mortar thickness between wire layers.

In Eq 8-15
FS = 2 FSJ'
Ji=1

Where:

st = As(Afsj_fmsj)

and Afg; and £,,; are given by the expressions for Af, and f,,, with A, replaced
by Ag;.
J

o
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ZM is calculated about

the center of the outer layer of prestressing wire by
replacing M, in Eq 8-16 by '

f=1
My = N F(dy+ k)

i1

sj)

SECTION 9: DESIGN SELECTION TABLES

In order to make AWWA C304 easier to use, desi
for 16-in. through 60-in. [410-mm through 1,520-mm) LCP, Sec. 9.4 summarizes the
criteria used in these tables, Designs for conditions other than those listed in Sec, 9.4
or the selection tables must be obtained by implementing the design procedures

specified in this standard. The following three design examples are presented to
demonstrate the use of the design selection tables,

gn selection tables are included

Sec. 9.1 Design Example 1

Given conditions are as follows:

Pipe size = 24 in. (610 mm)
working pressure P,) = 175 psi (1,208 kPa)
transient pressure (P} = 04P,

field-test pressure (Pry) = 12 P,

earth cover = 12 ft (3.65 m)

soil density = 120 Ib/ft® (1,922 kg/m)
bedding = type R-1

of 12 ft (3.65 m), and a system working pressure of 175 psi (1,206 kPa), the required
A; is 0.32 in.in ft (677 mmZm),

Sec. 9.2 Design Example 2

Given conditions are as follows:

pipe size = 36in. (915 mm)
working pressure (P} = 150 psi (1,084 kPa)
transient pressure (£y) = 50 psi (345 kPa)
field-test pressure Pr) = 165 psi (1,138 kPa)
earth cover = 8ft(2.44 m)

soil density = 120 /ft3 (1,922 kg/m?)
bedding = type R-2

The specified transient pressure of 50 psi (345 kPa) is less than the transient
pressure used in the selection tables (0.4 x 150 psi = 60 psi (0.4 x 1,034 kPa = 414 kPa))
and the specified field-test pressure of 165 psi (1,138 kPa) is less than the field-test
pressure used in the selection tables (1.2 x 150 psi = 180 psi [1.2 x 1,084 kPa = 1,241 kPa)),

PR
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Sec. 9.3 Design Example 3

Given conditions are as follows;

pipe size = 48 in. (1,220 mm)
working pressure (P,,) = 150 psi (1,034 kPa)
transient pressure () = (4P,

field-test pressure (Py,) = 12P,

earth cover = 16 ft (4.88 m)

soil density = 120 1b/At? (1,922 kg/m?)

Find the required A, for each bedding class.
All of the design conditions fall within the criteria stated in Sec. 9.4. Using the
design selection table for 48-in. (1,220-mm) LCP with a working pressure of 150 psi
- (1,034 kPa) and an earth cover of 16 ft (4.88 m), the required A, for each of the five
bedding details is as follows:

Bedding Detail Required A, (in.% ft)
R-1 -
R-2 BO++
R-3 63+
R-4 .58+
R-5 53

The hyphen (-} in the Required A, column for R-1 bedding indicates that a
special design is required. This could include a second layer of prestressing wire, a
larger-diameter prestressing wire, a higher concrete strength, a thicker steel
cylinder, a thicker concrete core, or some combination of these items.

The two plus signs (++) next to the A; value under R-2 bedding indicate that a
28-day compressive strength of 7,000 psi (48.3 MPa) is required. The single plus sign
(+) next to the A; values under R-3 and R-4 beddings indicates that a 28-day
compressive strength of 6,500 psi (44.8 MPa) is required. Standard 28-day compressive
strength of 6,000 psi (41.4 MPa) is sufficient for the design under R-5 bedding,

Sec. 9.4 Lined-Cylinder Pipe Standard Prestress Design Tables

Tables 5-14 and Figure 9, which follow, list the amount of prestressing wire (4,),
in square inches per linear foot, for working pressure and earth cover combinations
commonly used. These designs are based on the criteria specified in this standard
and the following:

1. Concrete-core thickness = pipe diameter + 16.

2. Mortar-coating thickness = % in. (19 mm) over the wire.

3. Transient pressure (P,;) = 40 percent P, or 40 psi (276 kPa), whichever is
greater,

4. Field-test pressurc (Pr,) = 1.2 P,

5. Transient external load = AASHTO HS20 truck loading (two trucks
passing) on unpaved road.

6. Prestressing wire = 6 gauge ASTM A648 class I1I,

7. Steel-cylinder thickness = 16 gauge (1.52 mm).

o L.
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8. Minimum 28-day compressive stren

gth of concrete core (27 = 6,000 psi
(41.4 MPa), except where higher-strength co

nerete is required as denoted by the
following:
a) + = 6,500 psi (44.8 MPa)
b) ++ = 7,000 psi (48.3 MPa)
¢) +++ = 7,500 psi (51.7 MPa)
9.

Average relative humidity of storage environment =
10. Time in outdoor storage (¢1) = 270 days.
Burial time after outdoor storage (¢;) = 90 days,

11. Concrete modulus multiplier (Cy) = 1,
Wire-relaxation multiplier (Cp) = 1.
Concrete-shrinkage multiplier (Cg) = 1.
Concrete-creep multiplier (C¢) = 1.

12. Earth loads = Marston/Spangler theory

width trench (same ag positive projectin

13. Backfill density = 120 1b/ft3 (1,922 kg/m3).

14. Rankine’s lateral pressure ratio x coefficient of internal friction = Ky = 0.19,

15, Settlement ratjo x projection ratio = Fegb = 0.5,

16. Pipe stresses are determined using Olander’s coefficients,

Designs to meet criteria different from those stated m this section can be
developed using AWWA C304.
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ZE R R Z

S TYPE R TYPE R2
30" Bedding 45" Bedding
> Angla * Angle
N SR IR NN

TYPE R3 TYPE R4
1 3% 60" Bedding ] » 50" Bedding
BC/Z y = = . Aﬂgre BC/?_ M — 3 Angle
Be/15 b Be/3 No‘Com_pucﬁon Be/7 ® Be/3 - No Compaoclion
of Bedding of Bedding

,

: (. TYPERS
X @ N3 150" Bedding
Nt

i
Be/7.7 _ . Angle
bpess Ne Compaction

of Bedding
Be = Qutside Diameter of Pipe LEGEND
Bedding muaterial, free frem large
Depth of Bedding Lj clods or rocks, well compacted
Matericl Below Pipa after pipe is laid, or granulor
Pipe 1.0. b {minimum) r:ul}:il;m conzolidated afler pipa
I .
27 in. and smailer 3 in,
30 in, to B0 in. 4 in e——————m . .
. . B Compacted bockfill moterial, free
86 in. and larger B in. E———= from large cloeds or rocks.

Embankment condition indicates trench width at top of pipe exceeds transition width,

For bedding types R1 and R2, trench bottom shall be over excavated and bedding material shall extend to
depth *b” below bottom of pipe if subgrade is rock or other unyielding rmaterial.

The bedding types illustrated above are referenced in Tables 5-14.

Figure 9 Bedding details for prestressed concrete cylinder pipe embankment condition




Table 5 Standard prestress design— 16 in. (410 mmj

Cover Embankment

System Working Pressure (psi)

_ lined-cylinder pipe*
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Bedding Loading
Typet i3] ] 25 50 75 100 125 150 175 200
4.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.23 0.25
5.0 0.23 0.23 023 0.2 0.23 0.23 0.23 0.23 0.25
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
7.0 0.23 0.23 0.23 0.23 0.23 023 0.23 023 0.25
Rl 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
30° 9.0 0.23 0.23 0.23 0.24 0.23 0.23 0.23 0.23 025
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 (.23 0.23 023 0.25
Angle 12.0 0.21 0.23 0.3 023 0.23 0.23 0.23 0.23 0.25
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 023 0.25
16.0 023 023 0.23 023 0.23 0.23 6.23 0.23 0.25
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.28+ 03244
20,0 0.23 0.23 0.23 0.23 0.23 0.268+ 0.32++ 03744+ —
4.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
5.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.23 0.25
8.0 0.23 0,23 0.23 0.23 0.23 .23 0.23 0.23 0.25
7.0 0.23 023 0.23 0.23 0.23 0.23 023 0.23 6.25
R2 8.0 0,23 0.23 0.2 0.23 0,23 0.25 0.23 0.23 0.25
45° 9.0 0.23 0.23 0.23 023 0.23 023 0.23 0.23 0.25
Bedding 100 023 0.23 0.2 0.23 0.23 .23 0.23 0.23 0.25
Angle 12,0 0.23 0.23 0.23 0.23 0.23 06,23 0.23 0.23 6.25
14.0 0.23 0.23 023 0,23 0.23 0.25 0.23 0.23 0.25
16.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.23 0.25
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.28+ 0.324+
20,0 0.23 0.23 0.23 0.23 0.23 .28+ 0.32++ 03744+ —
40 0.23 0.23 0.23 023 0.23 0.23 0.23 0.23 025
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
5.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.23 025
7.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 023 0.25
R3 R0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
60° 5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 025
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
14.0 0.23 0.23 023 0,23 0.23 0.23 0.23 0.23 0.25
16.0 0.23 0.23 0.23 0.23 0.23 023 023 0.23 025
18.0 0.23 0.22 0.23 0.23 0.23 0.23 0.23 0.28+ 0.32++
20.0 0.23 0.23 0.23 0.23 0.23 028+ 0.32++ 0.37+++ -
40 0.23 0.23 0.23 0.23 0.23 0.23 0.23 023 0.25
5.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.23 025
6.0 0,23 0.23 0.23 0.23 0.23 023 0.23 0.23 0.25
7.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.23 0.25
R4 80 0.23 0.23 023 0.23 023 023 0.23 023 0.25
aQ® 9.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
Angle 12.0 0.23 0.2 0.23 0.23 0.23 0.23 0.23 0.23 0.25
14.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.23 0.25
16.0 0.23 0.23 0.23 0.23 0.23 0.22 0.23 023 .25
18.0 0.23 0.23 .23 0.23 .23 0.23 0.23 .28+ 0.32++
20.0 0.23 0.23 0.23 0.23 0.23 0.28+ 0.32++ 0.37+++ —
4.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.23 0.25
5.0 0.23 0.23 023 0.23 0.23 023 0.23 0.23 0.25
6.0 0.23 0.2 0.23 0.23 0.23 0.23 0.23 0.23 0.25
7.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.23 0.25
RS 8.0 0.23 0.23 023 023 0.23 0.23 0.23 0.23 025
150° 50 0.23 0.23 0.23 .23 0.25 0.23 0.23 0.23 0.25
Bedding 10.0 0.23 023 0.25 0.23 0.23 0.23 023 0.23 0.25
Angle 120 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25
14.0 0.23 0.23 0.23 0.23 0.3 023 0.23 0.23 0.25
16.0 023 023 025 0.23 0.29 0.23 0.23 0.23 6.25
18.0 0.23 0.23 0.23 023 0.23 0.2 0.23 0.28+ 0.324++
20.0 0.23 0.23 0.23 0.213 0.23 0.28+ 0324+ 0.37+4+ —

*Tabular quantities are the amount of prestress wire (A

1Refer to Figure 9.

s) required per linear foot of pipe in in.%lin i,

- - Indieates special design required

i
1
i
1
;
%.
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Table 6 Standard prestress design—18 in. (460 mm) lined-cylinder pipe”

Cover Embankment

System Working Pressure (psi)

Bedding Loading
Typet ) 0 25 50 T 100 125 150 175 200
4.0 023 0.23 023 0.23 0.23 0.23 0.23 024 0.27
5.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.24 0.27
6.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.24 0.27
7.0 0.23 023 0.23 0.23 0.23 0.23 0.23 024 0.27
R1 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
10° 9.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
Angle 12.0 0.23 0.23 0.23 0.2 0.23 0.23 0.23 0.24 0.27
14.0 0.23 023 6.23 0.23 0.23 0.23 0.23 0.24 0.27
16.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.24 027
180 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.31+
20.0 0.23 0.23 0.23 0.23 .23 0.24 0.29+ 0.24++ 0.40+++
4.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24- 0.27
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 027
7.0 0.23 0.23 021 0.23 0.23 023 0.23 0.24 027
R2 8.0 0.23 023 0.23 0.23 0.23 0.23 023 0.24 0.27
45° 9.0 .23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 .27
Bedding 10.0 0.23 0.23 0.23 0.23 .23 0.23 0.23 0.24 0.27
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 6.23 0.24 0.27
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 027
16.0 0.25 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
18.0 0.23 0.23 0.23 023 0.23 0.24 0.23 0.26 0.31+
20.0 0.23 0.23 0.23 0.23 0.23 0.24 0.29+ 0.34++ 0.40+++
4.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.2 0.27
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
8.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.24 027
7.0 023 0.23 0.23 023 0.23 0.23 0.23 0.24 0.27
R3 8.0 0.23 0.23 0.23 0.23 0.23 .23 0.23 0.24 0.27
6o° 9.0 0.23 0.23 0.23 0.23 0.23 0.23 023 0.24 0.27
Bedding 10.0 0.23 0.23 0.2 0.23 0.23 0.23 0.23 0.24 0.27
Angle 120 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
140 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
16.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.24 0.27
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.31
20.0 0.23 0.23 0.23 0.23 0.23 0.24 0.29+ 0.344+ 0.40+++
4.0 023 0.23 0.23 0.23 023 0.23 0.23 0.24 027
5.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.24 0.27
8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
70 0.23 .23 0.23 0.23 0.23 .23 0.23 024 0.27
8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
;)4. 9.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.24 0.27
Bedding 10.0 0.23 0.23 .23 0.23 0.23 0.23 0.23 0.24 0.27
Angle 12.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.24 0.27
14.0 0.23 0.23 0.23 0.23 0.23 023 0.23 0.24 027
160 023 0.23 0.23 0.22 0.23 023 0.23 0.24 0.27
18.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.26 0.31+
20.0 0.23 0.23 023 0.23 0.23 0.24 0.29+ 0.34-++ 0.404+++
4.0 023 0.23 0.23 0.23 0.23 023 0.23 0.24 027
5.0 0.23 0.23 0.23 023 023 0.23 0.23 0.24 0.27
6.0 0.23 0.23 0.23 0.23 0.23 0.23 023 0.24 0.27
7.0 023 0.23 0.23 0.23 023 0.23 0.23 0.24 0.27
RS B0 0.23 0.23 023 0.23 0.23 0.23 0.23 024 0.27
150* 5.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.24 0.27
Bedding 10.0 023 0.23 .23 0.23 0.23 0.23 023 0.24 0.27
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.27
16.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.24 027
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.31+
20.0 023 0.23 0.23 0.23 0.23 0.24 029+ 0.34++ 0.40+++

*Tabhular quantities are the amount of prestress wire (A,) required per linear foot of pipe in in.*lin ft.

tRefer to Figure 9.
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Table 7 Standard prestress design—20 in. (510 mm) lined-cylinder pipe*

Cover Embankment System Working Pressure (psi)
Bedding Loading
Typet (1} 0 25 50 75 100 195 150 175 200
40 0.23 0.23 0.23 023 0.23 0.23 0.23 0.26 0.29
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
8.0 021 0.29 0.23 0.23 0.23 0.23 0.23 0.26 0.29
7.0 0.23 0.23 023 0.23 023 0.23 0.23 0.26 0.29
Ri 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.28 0.29
30° 9.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.26 0.29
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 026 0.29
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
: 14.0 0.23 023 0.29 0.23 0.23 0.23 0.23 0.26 0.30
16.0 023 023 0.23 023 0.23 0.23 0.23 027 0.31
18.0 0.23 0.23 0.23 0.23 0.23 0.23 023 0.28 0.33
20.0 0.23 0.23 023 023 0.23 0.24 0.26+ 0.3T++ 0.87+++
4.0 0.23 0.23 0.23 0.23 0.23 0.23 023 0.26 0.29
5.0 0.23 0.23 0.23 0.23 0.23 0.25 0.23 .26 0.29
8.0 0.23 0.23 023 0.23 0.23 0.23 0.23 0.26 029
7.0 0.23 0.23 028 0.23 0.2d 0.23 0.23 0.26 029
R2 8.0 0.23 0.23 t.23 043 0.23 0.23 0.23 0.26 0.29
45° 9.0 0.23 0.23 0.23 0.23 0.23 0.22 023 0.26 0.29
Bedding 10.0 023 0.23 0.23 0.23 0.23 0.23 0.25 0.26 0.29
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.2 0.26 0.29
14.0 0.23 0.23 .23 0.23 0.23 0.23 0.23 0.26 0.29
16.0 0.23 023 0.23 0.23 0.23 0.23 0.23 0.26 0.30
18.0 0.23 0.23 0.23 0.23 023 0.23 023 0.27 0.31
20.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26+ 0.31++ 0.37+++
40 0.23 0.23 0.23 0.23 0.23 023 033 0.26 0.29
5.0 0.23 0.23 0.23 0.23 023 0.23 0.23 0.26 0.2
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
7.0 .23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 029
R3 8.0 0.23 0.23 0.23 0.23 0.23 0.23 .23 0.26 0.29
60° 9.0 0.23 0.23 0.23 0.23 0.23 .23 0.23 0.26 0.29
Bedding 10.0 0.23 023 0.23 0.23 023 0.23 .23 0.26 0.29
Angle 12.0 0.23 023 093 023 0.23 0.23 023 0.26 0.29
14.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.26 0.29
16.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.28
18.0 023 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.31
20.0 0.23 0.23 0.23 0.23 0.23 0.26 0.26+ 0.31++ 0.37+++
10 0.23 0.23 023 0.23 0.23 0.23 0.23 0.24 0.29
5.0 0.93 .23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0,26 0.29
7.0 0.23 0.23 0.23 0.23 023 0.23 0.23 0.26 0.29
R4 8.0 0.93 0.23 023 0.23 0.23 0.28 0.23 0.26 0.29
ap° 9.0 0.23 0.23 023 023 0.23 0.23 0.23 0.26 0.29
Bedding 10.0 0.23 0.23 723 0.33 0.23 0.23 0.23 0.28 0.29
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
16.0 0.23 023 023 0.23 0.23 0.23 0.23 0.26 0.29
18.0 023 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.31+
20.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26+ 0.31++ 0.37+++
1.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 026 0.29
5.0 023 0.23 023 023 0.23 0.23 0.23 0.26 0.29
6.0 0.23 0.23 0.93 0.23 0.23 0.23 .23 0.26 0.28
7.0 0.23 0.23 0.23 023 0.23 0.23 0.23 0.26 0.29
RS 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
150° 9.0 0.23 0.23 0.23 0.23 0.25 0.23 0.23 026 0.29
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.25
Angle 12.8 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
14.0 0.23 023 0.23 0.23 0.23% 0.23 0.23 0.26 0.29
16.0 023 G.23 0.23 0.23 0.23 0.23 0.23 0.26 0.29
18.0 0.23 023 023 0.23 0.23 0.23 0.23 0.6 0.31
20.0 0.23 0.23 0.23 0.3 0.23 0.23 0.26+ 0.31++ 0.37+++

*Tabular quantities are the amount of prestress wire (4,} required per linear foot, of pipe in in.%lin f.
tRefer to Figure 9.

T
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Table 8 Standard prestress design—24 in. (610 mm) lined-cylinder pipe*

Cover Embhankment System Working Pressure (psi)
Bedding Loading
Typet ) 0 25 50 5 100 125 150 175 200
4.0 0.23 0.23 0.23 0.2] 0.23 0.23 0.28 0.30 0.34
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.24
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
7.0 023 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.24
"1 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.24
30° 9.0 0.23 0.23 0.23 0.23 0.23 0.23 0.25 0.30 0.35
Bedding 10.0 0.23 0.23 0.23 023 0.23 0.23 0.26 0.30 0.35
Angle 12.0 0.23 023 0.23 0.23 0.23 0.23 0.27 0.32 .37
14.0 0.23 0.23 0.23 0.23 .23 0.23 0.28 0.24 0.39
16.0 0.3 0.23 023 0.23 0.23 0.25 0.30 035 0.40+
18.0 023 0.23 0.23 0.24 0.26 .29 0.32 0.37+ 0.42+
20.0 023 023 0.25 0.27 0.30 0.42 034+ 0.38++ 0.43++
4.0 0.23 0.23 023 023 0.23 023 0.26 0.30 0.34
5.0 023 0.23 0.23 0.23 0.23 .23 0.26 0.20 0.34
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
7.0 0.23 0.23 023 0.23 0.23 0.23 026 0.A0 0.34
R2 8.0 0.23 0.23 023 0.3 0.23 0.23 0.26 .30 0.34
45° 8.0 0.23 0.23 023 0.23 0.23 0.23 0.26 0.30 0.34
Bedding 10.0 0.23 0.23 0.23 0.23 023 0.23 026 .30 0.35
Angle 12.0 0.23 0.23 0.23 0.23 0.23 023 0.26 0.31 ¢.36
14.0 023 .28 0.23 0.23 0.23 0.23 0.27 0.32 0.38
16.0 023 0.23 0.23 0.23 0.23 0.23 0.29 034 0.39
18.0 0.23 0.23 0.93 0.23 0.23 0.26 0.30 0.38 0.40+
20.0 0.23 0.23 0.23 0.24 0.26 0.29 0.32+ 0.37+ 0.41++
4.0 0.23 0.23 .23 0.23 0.23 0.23 0.26 0.30 0.34
5.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.20 0.34
7.0 023 0.23 0.23 0.23 0.23 023 0.26 0.30 0.34
R3 8.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
&0° 9.0 0.23 0.23 0.23 0.23 0.23 0.21 0.26 0.30 0.34
Bedding 10.0 0.23 .23 0,23 .23 0.23 0.23 0.26 0.30 0.34
Angle 12.0 0.23 0.23 n.23 0n.23 0.23 0.23 0.26 0.30 0.35
14.0 0.23 0.23 0.23 .23 0.23 0.25 0.26 0.31 0.37
16.0 0.23 0.23 0.23 0.23 0.23 0.23 028 0.33 .38
18.0 0.23 0.23 0.23 0.23 0.23 0.24 0.29 0.34 0.29+
20.0 0.23 0.23 0.23 0.3 0.24 0.26 031 0.35+ 0.40++
4.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
5.0 023 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
6.0 0.23 0.23 023 0.23 .23 0.23 0.26 0.30 0.34
70 0.23 0.23 0.23 023 0.23 .23 0.26 0.30 0.34
R4 8.0 0.23 0.23 023 0.23 0.23 0.23 0.26 0.30 0.34
90° 9.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35
16.0 0.23 0.23 .23 0.23 0.23 0.23 0.26 0.31 036
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.27 0.32 037+
20.0 0.23 0.23 0.23 0.23 0.23 0.23 0.28 0.33+ 0.37++
4.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
5.0 0.23 0.23 0.23 n.23 0.23 0.23 0.26 0.30 0.34
6.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
70 0.23 0.23 0.23 023 0.23 0.23 0.26 0.30 0.34
RS B.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.20 0.34
150° 9.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
Bedding 10.0 0.23 0.23 0.23 0.23 0.23 0.23 0.28 0.30 0.34
Angle 12.0 0.2 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
14.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34
16.0 6.23 023 0.23 0.23 0.23 0.23 0.26 030 0.34
18.0 0.23 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.34+
20.0 0.23 0.23 0.23 0.23 0.24 0.23 0.26 0.30+ 0.35++

*Tabular quantities are the amount of prestress wire (A;) required per linear foot of pipe in in.2in ft.

tRefer to Figure 9.
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Table 9 Standard prestress design—30 in. {760 mm) lined-cylinder pipe*

Cover Embankment System Working Pressure (psi)
Bedding Loading
Typet ¥:3) 0 25 50 75 100 125 150 175 200
4.0 0.23 .23 0.23 0.23 0.23 0.96 0.30 0.35 0.40
5.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
8.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.41
7.0 0.23 0.23 0.23 0.23 0.23 0.26 .30 0.36 042
R1 8.0 0.23 0.23 0.23 0.23 0.23 0.26 0.31 0.57 0.44
30° 9.0 0.23 0.23 0.23 0.23 0.23 0.26 0.32 0.39 0.45
Bedding 10.0 0.23 0.23 0.23 0.23 023 0.27 0.34 0.40 0.46
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.30 0.36 0.42 0.49
14.0 0.23 0.23 0.23 0.25 0.28 0.33 0.38 0.45 0.50+
16.0 0.23 0.23 0.26 0.29 0.32 0.35 041 0.46+ 0524+
18.0 0.24 0.27 0.30 0.33 0.35 0.39 0,444 0484+ 05444+
20.0 (28 031 0.34 0.37+ 0.404+ 0424+ 0.47++ A51+++ —
1.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
5.0 0.23 0.23 0.23 0.23 0.23 0.28 0.30 0.35 0.40
6.0 0.23 0.23 0.23 0.43 0.23 0.26 0.30 0.35 0.41
70 0.23 0.23 0.23 0.23 023 0.26 0.30 0.35 0.42
R2 8.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.36 0.43
45° 9.0 0.23 0.23 0.23 0.23 0.23 .26 0.31 0.38 0.44
Bedding 100 023 0.23 .23 0.23 0.23 0.28 0.32 0.39 0.45
Angle 12.0 p.23 0.23 0.23 0.23 0.23 0.28 0.35 0.41 0.47
14.0 0.23 0.23 0.23 0.23 0.25 0.30 0.37 0.43 0.49+
16.0 0.23 0.23 0.23 0.26 0.29 0.32 0.38 0.45+ 051+
18.0 0.23 0.23 0.27 0.30 0.33 0.36 0.40+ 0,464+ 0.52++
20.0 0.24 0.27 0.30 0.33 0.36+ 0.39+ 0.43+4+ 0.49++ 054+t
F 0.23 0.23 0.23 0.23 0.23 0.28 0.30 0.35 040
5.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
6.0 0.23 0.23 0.23 023 0.23 0.26 0.30 0.35 0.40
7.0 0.23 0.23 0.23 023 0.29 0.26 0.30 0.35 041
R3 8.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.56 0.42
60° 9.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.37 0.43
Bedding 0.0 0.23 0.23 0.23 023 0.23 0.26 0.51 0.38 0.44
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.27 0.23 0.40 0.46
14.0 0.23 0.23 0.23 0.23 0.23 0.29 0.35 0.42 0.48
160 0.23 0.23 0.23 0.23 0.26 0.31 0.37 0.44 0.49+
18.0 0.23 0.23 0.23 0.27 0.30 0.33 0.39 0.45+ 0.50++
20.0 0.23 0.24 0.27 0.30 0.33 0.35+ 0.41+ 0.46++ 05244
1.0 0.24 0.23 0.23 053 0.23 0.26 0.30 0.35 0.40
5.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
6.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
7.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
8.0 0.23 0.23 0.23 0.23 0.23 0.28 0.30 0.35 041
;‘0{ 9.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.41
Bedding 100 0.23 0.23 0.23 0.23 0.23 0.5 0.30 0.38 0.42
Angle 12,0 0.23 0.23 0.23 0.23 0.23 0.26 0.31 0.38 0.44
14.0 0.23 0.23 .23 0.23 0.28 0.27 0.38 0.89 046+
16.0 0.23 0.23 0.23 0.23 0.23 0.28 0.35 041 0.46+
18.0 0.23 0.23 0.24 0.23 0.25 0.30 0.36 0.42+ 0474+
20.0 0.23 0.23 0.23 0.25 0.28 0.32 0.97+ 0.43+ 0.49+++
10 024 0.23 0.23 0.23 0.28 0.26 0.30 0.35 0.40
5.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
6.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
70 0.23 023 0.23 0.23 0.23 0.26 0.30 0.35 0.40
RS 8.0 0.23. 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
150° 9.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
Bedding 10.0 .23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 0.40
Angle 12.0 0.23 0.23 0.23 0.23 0.23 0.26 0.30 0.35 041
14,0 0.23 0.23 0.23 0.23 0.93 0.26 0.30 0.36 0.42
16.0 0,23 0.23 0.23 0.23 0.23 0.26 0.31 0.37 043+
18.0 0.23 0.23 0.23 0.29 0.23 0.26 0.32 0.38+ 0.44+
20.0 0.23 0.23 0.23 0.23 0.23 0.27 0.33+ 0.39+ 0.454+

*Tabular quantities are the amount of prestress wire A

tRefer to Figure 9.

- Indicates special design required

¢ required per linear foot of pipe in in.%lin ft.
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62 AWWA C304-99

Table 10 Standard prestress design—36 in. (910 mm) lined-cylinder pipe*

Cover Embankment System Working Pressure {psi)
Bedding Loading
Typet (3] Q 25 50 75 100 125 150 175 200
40 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 0.46
5.0 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 0.48
6.0 0.23 0.23 0.23 0.23 0.24 0.29 0.25 0.43 0.50
7.0 0.23 023 0.23 0.23 0.24 0.30 037 0.44 052
Rl 3.0 0.23 0.23 .23 0.23 0.24 0.31 0.39 0.46 0.53
30" 9.0 023 0.23 0.23 0.23 0.26 0.33 0.40 0.47 0.55
Bedding 10.0 0.23 0.23 0.23 0.23 0.27 0.24 0.42 0.49 0.56
Angle 12.0 0.23 0.23 p.23 0.27 0.31 0.37 0.45 052 0.58+
14.0 0.23 0.25 0.28 0.22 0.36 041 0.48 0.54+ 0.61++
16.0 0.26 0.30 0.34 0.37 0.41 0.45 051+ 05T++ 0.64++
18.0 0.32 0.35 0.39 0.43 0.45+ .49+ 0.55++ 0.60+++ Q.66+++
20.0 0.37 0.40+ 0.43+ 0.48++ 0.50++ 0.53+++ 0594+ ++ — —
4.0 0.23 0.23 0.23 0.23 0.24 0.29 035 0.41 0.48
5.0 0.23 023 023 0.23 0.24 0.29 0.35 0.41 0.47
6.0 0.23 0.23 0.23 0.23 0.24 0.29 0.95 0.42 0.49
7.0 023 0.23 0.23 023 0.24 0.28 0.38 0.43 0.50
R2 8.0 0.23 0.23 0.23 0.23 0.24 0.30 0.27 0.45 0.52
45° 9.0 0.23 0.23 0.23 0.23 0.24 0.2 0.39 0.46 0.53
Bedding 10.0 0.23 0.23 0.2 0.23 0.26 0.33 0.40 0.47 0.55
Angle 12.0 023 0.23 0.23 0.24 0.28 0.36 0.43 0.50 05¢
14.0 0.23 023 0.25 0.29 0.32 0.38 0.46 0.53 0.60+
16.0 0.23 0.26 0.30 0.33 037 0.42 0.48 0.55+ 0.62++
18.0 0.27 031 0.34 0.38 0.42 0.45+ 0.50++ 0.57T++ 0.64+++
20.0 0.32 0.36 0.38+ .42+ 0.46++ 0.49++ 0.54+++ 0.60+++ -_
40 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 0.46
5.0 0.23 0.23 0.23 0.23 0.24 Q.29 0.35 0.41 047
6.0 0.23 0.23 0.22 0.23 0.24 0.29 0.25 0.41 0.48
70 0.23 0.23 0.23 0.23 024 0.29 0.35 0.42 0.50
"3 8.0 £.23 0.23 0.23 0.23 0.24 0.29 0.36 0.44 0.51
60° 9.0 0.23 0.23 6.23 0.23 0.24 0.20 0.38 0.45 0.52
Bedding 10.0 0.23 0.23 0.23 0.23 0.24 0.32 0.39 048 0.53
Angle 12.0 0.23 0.23 0.23 0.23 0.27 0.34 0.41 0.49 0.56
14.0 0.23 0.23 0.23 0.26 0.30 0.37 0.44 0.51 0.58+
16.0 0.23 0.23 0.26 0.0 0.34 0.39 0.46 0.53+ 0.50++
18.0 023 0.27 0.31 0.34 0.38 042 0.48+ 0.55++ 0.61+++
20.0 0.28 0.31 0.35 0.38+ 0.42+ 0.45++ 0.51++ 0.56+++ —
4.0 0.23 0.23 0.23 0.22 0.24 0.29 0.35 0.41 0.46
5.0 023 0.23 0.23 0.23 0.24 0.29 0.35 0.41- 0.46
6.0 023 0.23 0.23 0.23 0.24 0.28 0.35 0.41 047
70 0.23 0.23 0.22 0.23 024 0.29 0.25 0.41 0.48
Ri 8.0 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.42 0.49
00* . 9.0 .23 .23 023 023 0.24 0.29 0.36 0.43 Q.50
Bedding 10.0 0.22 0.23 0.23 0.23 0.24 0.29 0.37 0.44 0.51
Angle 12.0 0.23 0.23 0.23 0.23 0.24 0.32 0.39 0.46 0.53
14.0 0.23 0.23 0.23 0.23 0.26 0.24 0.41 0.48 0.55+
16.0 0.23 0.23 0.23 0.25 0.28 0.36 0.43 0.50+ D.56++
18.0 023 0.23 0.25 0.28 0.22 0.38 044+ 0.514+ 0.57+++
20.0 0.23 025 0.28 0.32 0.36 0.39+ 0.46++ 0.52+++  0.58+++
40 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 0.46
5.0 023 0.23 0.23 0.23 0.24 0.29 0.35 0.41 046
6.0 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 0.46
7.0 0.23 0.23 0.23 0.23 0.24 029 0.35 .41 0.46
RS 8.0 0.23 0.23 0.23 0.23 0.24 0.20 0.35 0.41 0.47
150° 3.0 0.23 0.23 0.23 0.23 0.24 0.2 0.35 0.41 0.47
Bedding 10.0 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.41 048
Angle 12.0 0.23 0.23 0.23 0.23 0.24 0.29 0.35 0.42 0.50
14.0 0.23 0.23 0.23 0.23 0.24 0.29 0.37 0.44 051
18.0 0.23 0.23 0.23 0.23 024 021 0.28 0.46 0.52+
18.0 0.23 0.23 0.23 0.23 0.25 0.33 0.40 0.46+ 0.53++
20.0 023 0.23 0.23 0.23 0.27 0.34 0.41+ 0.47++ 0.54++4

— Indicates special design required

*Tabular quantities are the nmount of prestress wire (A,) required per linear foot of nipe in in.2Ain ft.
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PRESTRESSED CONCRETE CYLINDER PIPE 63

Standard prestress design—42 in. (1,070 mm) lined-cylinder pipe*

Cover Embankment

System Working Pressurce (psi)

Bedding Loading
Typet (o) o 25 50 75 100 125 150 175 200
10 0.23 0.23 0.23 023 0.27 0.33 0.4 0.46 0.54
5.0 0.23 0.23 0.23 0.23 0.27 0.33 0.40 0.48 0.56
8.0 023 0.23 0.23 0.23 0.27 0.34 0.42 0.50 0.58
70 023 0.23 0.23 0.23 0.27 0.36 0.44 052 0.50
R 8.0 0.23 0.23 0.23 0.23 0.30 0.38 0.46 0.54 0.62
30 8.0 0.23 0.23 0.23 0.25 0.31 0.40 0.48 0.56 0.64
Bedding 10.0 0.23 0.23 0.23 0.28 0.33 0.41 0.50 058 0.66
Angle 120 0.23 0.25 0.29 0.34 0.38 0.45 0.53 0.62 —
14.0 0.27 ¢.31 0.35 0.40 0.44 0.50 057 0.64+ —
16.0 0.33 0.37 0.42 0.46 .60 .55+ 0.61++ —_— —_
18.0 0.3% 0.44 0.47+ .51+ 0.55+ 0.60++ 0.66+++ — —_
20.0 0.45+ 0.49+ 0.52++ 0.57++ 0.60+++ 0.65+++ — — —
40 0.23 0.23 0.23 0.23 0.27 0.33 0.40 0.46 0.53
5.0 0.23 0.23 0.23 .23 0.27 0.33 0.40 0.47 6.55
8.0 0.23 0.23 0.23 0.23 0.27 0.33 0.41 0.49 057
7.0 0.23 0.23 0.23 0.23 0.27 034 0.43 0.51 G.59
R2 8.0 0.23 0.23 0.23 0.23 0.28 0.36 0.44 0.53 0.61
45° 9.0 0.23 0.23 0.23 0.24 0.30 0.38 0.46 0.54 0.62
Bedding 10.0 0.23 0.23 0.23 0.25 0.31 040 0.48 0.56 0.64
Angle 12.0 0.23 0.23 0.26 0.20 0.35 0.43 0.51 0.59 0,664+
14.0 0.23 0.27 0.51 0.38 0.40 0.46 0.54 0.62+ —_
16.0 028 0.33 0.37 0.41 045 051 057+ 0.64++ —
18.0 0.34 0.38 0.42 047 0.50+ 0.54++ 0.61++ — —
20.0 .40 043+ 0.47+ Q.51++ 0.55++ 0.59+++ Q.66+++ — —
1.0 0.23 0.23 0.23 0.23 0.27 039 0.40 046 0.53
5.0 0.23 0.23 0.23 023 0.27 0.33 0.40 046 0.54
6.0 0.23 0.23 0.23 0.23 0.27 0.33 0.40 048 0.56
70 0.23 053 023 0.23 0.27 0.33 041 0.50 058
R3 8.0 0.23 0.23 0.22 0.23 0.27 0.35 0.43 0.51 0.59
§0° 9.0 0.23 0.23 023 0.23 0.28 0.36 0.45 0.53 0.61
Bedding 10.0 .23 0.23 023 024 0.30 0.38 0.46 0.54 0.62
Angla 12.0 0.23 0.23 0.23 0.27 0.33 0.41 0.49 0.57 0.65+
14.0 0.23 0.24 0.28 0.32 0.36 0.44 0.52 0.60+ 0.66+++
16.0 0.5 0.29 033 0.37 041 047 054+ 0.62++ —
18.0 0.30 0.34 0.38 0.42 0.47 0.51+ 0.57++ 0.64+4+ —
20.0 0.35 0.39 0.42+ 047+ 0.50++ 0.55++ 0.6144+ - —
30 0.23 0.23 023 0.23 0.27 0.33 0.40 0.46 0.52
5.0 0.23 0.23 0.23 0.23 0.27 0.32 0.40 0.46 0.53
6.0 023 0.23 023 023 0.27 0.33 0.40 0.46 0.54
70 0.23 0.23 023 093 027 0.33 0.40 0.48 0.56
B4 8.0 0.23 0.23 023 0.23 0.27 0.33 0.41 0.49 0.57
50 2.0 023 0.23 0.23 0.23 0.27 0.34 0.42 051 0.59
Bedding 10.0 023 0.23 023 0.23 0.27 0.35 0.44 0.52 Q.60
Angle 12.0 0.23 0.23 0.23 024 0.30 0.38 0.46 0.54 0.62
14.0 023 0.23 0.23 0.27 0.a2 0.40 0.49 0.57 0.64+
16.0 0.23 0.23 027 0.31 0.35 0.43 0.51 0.59+ 0.66++
18.0 0.23 0.27 031 0.35 0.39 0.48 0.53+ 0.60++ -
20.0 0.27 0.31 0.35 0.39 0.43+ 048+ 0.55++ 0624+++ —
40 0.23 0.23 0.23 0.23 027 0.33 .40 0.46 0.52
5.0 0.23 0.23 0.23 0.23 0.27 0.33 0.40 0.46 0.52
6.0 0.23 023 0.23 0.23 0.27 0.33 0.40 0.46 0.52
7.0 0.23 0.23 023 0.23 0.27 Q.33 0.40 0.46 0.53
RS 8.0 0.23 0.23 0.23 0.23 0.27 0.33 0.40 0.46 0.54
" 150° 9.0 0.23 0.23 0.23 0.23 0.27 6.33 0.40 0.47 0.55
Bedding 10.0 0.23 0.23 0.23 0.23 0.27 0.33 0.40 0.48 0.56
Angle 12.0 0.23 023 0.23 0.23 0.27 0.34 0.42 0.50 0.58
14.0 0.23 023 0.23 0.23 0.27 0,35 0.44 0.52 0.50+
. 160 0.23 0.23 023 023 0.29 037 0.46 053+ 0.60++
18.0 0.23 0.23 0.23 0.25 0.1 0.39 0.47+ 0.544+ 0.61+++
200 0.23 0.23 0.24 0.23 0.33 0.40+ 0.48++ 05544+ 063444

— Indicates special design required

*Tabular quantities arc the amount of prestress wire (A, ) required per linear foot of pipe in in.¥lin ft.
+Refer to Figure &,
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Table 12 Standard prestress design—48 in. (1,220 mm) lined-cylinder pipe*

Cover Embankment

System Working Pressure (psi)

Bedding Loading
Typet () 0 25 50 75 100 125 150 175 200
10 0.23 0.23 023 0.23 0.30 0.37 044 0.53 0.62
5.0 0.23 0.23 0.25 0.23 0.30 0.37 046 0.55 0.64
6.0 0.23 0.23 0.25 0.23 0.30 0.39 0.48 0.57 0.66
7.0 0.23 0.23 0.23 0.26 0.32 0.41 0.50 0.59 0.66+++
R1 8.0 0.23 0.23 0.23 0.28 0.35 0.44 0.53 0.62 —
30° 9.0 0.23 0.23 0.25 0.30 0.37 0.46 0.55 0.64 —
Bedding 10.0 0.23 0.24 .29 0.33 0.39 048 0.57 0.66+ —
Angle 12.0 0.26 0.31 0.5 0.40 0.45 0,53 0.62 — -
14.0 0.33 0.38 0.42 0.47 0.52 0.59 0.66+ - —
16.0 0.40 0.45 0.50 0.565 0.58+ 0.65+ — — —
18.0 0.47 051+ 0.56+ 0.60++ 0.65++ — —_ — —
20,0 0524+ 0.57++ 0.62++ 0.66+++ — —_— —_ — —
10 023 023 023 0.23 0.30 0.37 .44 0.52 081
5.0 0.23 0.23 0.23 0.23 0.30 0.37 0.45 0.54 0.63
6.0 0.23 0.23 0.23 0.23 0.30 0.38 0.47 0.56 0.65
70 0.23 0.23 0.23 0.24 0.31 0.40 0.49 0.58 0.66+
R2 8.0 0.23 0.23 0.23 0.26 0.33 0.4% 0.51 0.80 —
45° 9.0 0.23 0.23 0.23 0.29 0.35 0.44 0.53 0.62 —
Bedding 10.0 .22 0.23 0.25 0.30 0.37 .48 0.55 0.64 —
Angle 12.0 0.23 0.27 0.31 0.36 0.41 0.50 0.59 06644+  —
14.0 0.28 0.33 0.38 0.43 0.47 0.54 0.63 — —
16.0 0.35 0.29 0.44 0.49 0.56 063+ 0.66++ — —
18.0 0.41 0.46 (.50 0.54+ 0.60++ 0.66+++ _ — —
20.0 Q47+ .51+ 0,554+ G.59++ 0.64+++ — — — —
40 0.23 0.23 023 023 6.30 0.37 0.44 0.51 0.60
5.0 0.23 0.23 0.23 0.23 .30 0.37 0.44 0.53 0.62
8.0 0.23 0.23 0.23 0.23 0.30 0.37 0.46 0.55 0.64 .}
7.0 0.23 0.23 022 .23 0.30 0.38 0.48 057 065 7
R3 B.0 0.23 0.23 0.23 0.25 0.31 0.41 0.50 0.59 0.66++
&0 5.0 0.23 0.23 0.23 0.27 0.33 0.43 0.52 0.61 —
Bedding 10.0 0.23 023 023 0.29 0.35 0.44 0.53 0.63 —
Angle 12.0 0.23 0.23 0.28 0.31 0.29 0.48 0.57 0.66 —
14.0 0.24 0.29 0.34 0.39 0.43 0.51 0.61 — —
16.0 0.30 0.35 0.40 0.45 0.49 0.56 0.63 - —
18.0 0.36 041 .46 0.49+ 054+ GO+ 0.60+++ _ —
20.0 0.42 0.46+ 0.51+ 0.54++ 0.09++ 0.64+++ — —_ —
40 0.23 0.23 0.23 0.23 0.30 0.37 044 0.51 058
5.0 0.23 0.23 0.23 0.23 0.30 0.37 0.44 0.51 0.60
6.0 0.23 0.23 0.23 0.23 0.30 0.37 0.44 0.53 0.62
7.0 0.23 0.23 0.23 0.23 0.30 0.37 0.46 054 063
R4 8.0 0.23 0.23 0.23 0.23 0.30 0.38 047 0.56 0.65
90° 9.0 0.23 0.23 0.23 0.24 0.31 0.40 0.49 0.58 0.66+
Bedding 100 0.23 0.23 0.23 0.26 0.32 041 0.50 0.60 0.66+++
Angle 12.0 0.23 0.23 023 0.28 0.35 0.44 0.53 0.62 _
14.0 0.23 0.23 0.27 0.32 0.38 0.47 0.56 0.65+ —
16.0 .23 0.28 0.32 0.37 0.42 050 058+ (X T —
18.0 0.28 0.32 0.37 0.42 0.47 0.52+ 0614+ — —
20.0 0.33 0.37 .42 0,46+ 0.51+ 0.56++ 0.63+++ — —
10 023 0.23 0.23 0.23 0.30 0.37 0.44 051 058
5.0 0.23 0.23 0.23 0.23 0.30 0.37 044 0.51 0.58
6.0 0.23 0.23 0.23 0.23 0.30 0.37 0.44 0.51 059
70 0.23 D.23 023 0.23 0.30 0.37 0.44 0.51 0.60
RS 8.0 0.23 0.23 0.29 0.23 0.30 0.37 0.44 0.53 0.62
150° 9.0 0.23 0.23 0.23 0.23 0.30 0.37 0.45 0.54 0.83
Bedding 100 0.23 0.23 023 0.23 .30 0.37 0.46 0.55 0.64
Angle 12.0 0.23 0.23 0.23 0.23 0.30 0.29 0.48 0.57 0.66
14.0 0.23 0.23 0.23 0.26 0.32 0.41 0.50 0.60 0.66+++
16.0 0.23 0.23 023 0.26 0.34 0.44 053 061+ — .
18.0 0.23 0.23 0.26 0.31 0.36 0.46 0.54+ 0.62++ —
20,0 0.23 0.25 0.29 0.34 0.39 047+ 0.55++ 064+++ —

— Indicates special design required

*Tabular quantities are the amount of prestress wire (4,) required per linear foot of pipe in in.#lin f.
S A o FhorITe o
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Table 14 Standard prestress design—60 in. (1,520 mm) lined-cylinder pipe*

Cover Embankment System Working Pressure {psi)
Bedding Loading
Typet ) 0 25 50 75 100 125 150 175 200
4.0 023 0.23 0.25 028 0.38 045 0.56 0.65+ —
50 0.23 0.2% .23 0.29 0.37 0.47 0.58 0.66+++ -
6.0 0.23 0.23 0.23 0.31 0.39 0.50 0.61 — —
7.0 0.23 023 0.26 0.34 642 0.52 063 — =
R1 8.0 0.23 0.23 .29 0.37 0.44 0.55 0.66 — -
30° 5.0 0.23 027 0.33 0.40 0.48 0.58 — _ -_
Bedding 10.0 0.27 0.33 0.39 0.45 0.52 0.62 — — —
Angle 12.0 0.36 0.42 0.43 054 0.61 06644+  — - -
14.0 0.45 051 0.58 0.64 — — — — —
15.0 .54 0.60 0.65+ — — — — — —_
18.0 Q.62+ 0.66+++ — — — — — — —
20.0 - — — — — — — — —
4.0 0.23 0.23 023 0.28 0.36 0.45 055 0.65 —
50 0.23 0.23 0.23 0.28 0.36 0.46 0.57 0.65++ —
6.0 0.23 0.23 0.23 0.30 0.37 0.48 0.59 — -
7.0 0.23 0.23 0.24 032 0.40 0.51 0.61 — =
R2 80 0.23 0.23 0.27 0.34 0.42 0.53 064 — —
45° 9.9 0.23 0.23 .30 0.37 0.45 0.56 0.66+ — -
Beddiny 10.0 0.23 029 0.34 0.40 0.49 059 — — —
Angle 12.0 0.31 0.37 0.43 0.49 0.56 0.65 - — -
14.0 0.39 0.45 0.51 0.57 0.64 — — — —
16.0 0.47 0.53 060 0.65+ — — - — —
18.0 0.56 0.61+ 066+ — — — -—_ — —
20.0 0.62++ - — — — — — — —
4.0 0.23 0.23 023 028 0.36 0.45 0.54 064 —
5.0 0.23 0.23 0.23 0.28 0.36 0.45 0.58 0.66 —
8.0 0.23 0.23 0.23 0.28 0.36 0.47 0.58 0.65++ -
7.0 0.23 0.23 0.23 0.30 6.38 0.49 0.60 — —
Ra 8.0 0.23 0.23 0.24 0.33 0.40 0.51 0.62 — -
60° 9.0 0.23 0.23 0.28 0.35 0.43 0.54 0.65 — —
Bedding 10.0 0.23 0.25 0,31 0.38 0.46 0.57 0.66++ — —
Angle 12.0 0.27 0.33 0.39 0.45 0.51 0.62 — — —
14.0 0.34 0.40 0.46 0.52 0.58 0.66+ — — —
16.0 0.42 0.47 054 0.60 0.65+ = — — —
18.0 0.49 0.55 0.60+ 0.66+ — — — — —
20,0 0.55+ 0.604++ 0.86+++ — —_ — — —_ —_
4.0 0.23 0.23 0.23 0.28 0.36 0.45 053 0.62 —
5.0 0.23 0.23 0.23 028 0.36 0.45 0.53 0.64 —
6.0 0.23 023 0.23 0.28 0.36 0.45 0.55 0.66 —
7.0 023 0.23 023 0.28 0.36 0.46 0.57 0.66++ —
R4 80 0.23 0.23 0.23 0.30 0.37 0.48 0.59 — —
90° 9.0 0.23 0.23 0.24 0.32 0.40 0.50 0.6t — —
Bedding 10.6 0.23 0.23 0.26 0.34 0.42 0.53 0.64 — —
Angle 12.0 0.23 0.26 0.32 0.38 0.46 0.57 0.66++ — —
14.0 0.28 0.32 0.35 0.44 0.50 0.61 — — —
16.0 0.32 0.38 0.44 0.50 0.56 0.64 — — —
18.0 0.38 0.44 0.50 0.55+ 0.61 - — — -
20.0 0.45 0,494 0.56+ 0.51++ 0.66+++ —_ — — —_
40 023 0.23 0.23 028 .36 0.45 0.53 0.62 —
50 0.23 0.23 0.23 0.28 0.36 0.45 0.53 0.62 —
6.0 0.23 0.23 0.23 0.28 0.36 0.45 0.53 0.62 —
7.0 0.23 0.23 0.23 0.28 036 0.45 0.53 0.64 —
RS 8.0 0.23 0.23 0.23 0.28 0.36 0.45 0.55 0.65 —
150° 9.0 0.23 0.23 0.23 0.28 0.36 0.46 0.56 0.66+ —
Bedding 10.0 0.23 0.23 0.23 0.29 0.36 0.47 0.58 0.56+++ —
Angle 12,0 0.23 0.23 0.24 0.32 0.39 0.50 0.61 — —
14.0 .23 0.23 027 0.34 0.42 0.53 0.64 — —
16.0 0.23 0.25 0.31 0.37 0.45 0.56 0.66+ — —
8.0 0.23 0.29 0.35 0.41 0.48 0.58+ - — —
20.0 0.28 034 0.40 0.46+ 0.51+ 0.60++ - — —

*Tabular quantities are the amount of prestress wire ]

tRefer to Figure 9.

— Indicates special design required

required per linear foot of pipe in in.#lin f.



APPENDIX A
Commentary

This appendix is for information only and is not a bpart of AWWA C304.

SECTION A.l: INTRODUCTION

AWWA (304, Standard for Design of Prestressed Concrete Cylinder Pipe,
referred to as the standard, provides a unified procedure for the design of PCCP and
supersedes all other conflicting or additional requirements on the design of the pipe
in the documents referenced in the standard.

SECTION A.2: COMMENTARY FOR SEC. 3.2
OF THE STANDARD

The load factors in this standard were developed by a committee of technical
representatives from the structural engineering consultants and from each ACPPA*
producer. The committee reviewed the results of mdustry tests (Zarghamee, Heger,
and Dana 1988a; Zarghamee 1990) and compared designs obtained using this
standard with the prior experience with prestressed concrete pipe. The developed
load factors were also compared with other standards used in the structural
engineering practice and were found to be conservative.

SECTION A.3 COMMENTARY FOR SEC. 3.5.1
OF THE STANDARD

The load factors for the load combinations corresponding to the elastic limit
states are determined by manufacturing tolerances (that is, material and geometric
variabilities of the manufactured pipe) so that the probability of exceeding these
limits is less than 0.001. The higher value of By for LCP accounts for the effect of
manufacturing tolerances and the smaller dimensions of the pipe on the combined
loads that produce the elastic stress limit of the wire.

*American Concrete Pressure Pipe Association, 11800 Sunrise Valley Dr., Suite 309, Reston, Va.
20191
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SECTION A.4: COMMENTARY FOR SEC. 3.5.2
OF THE STANDARD

The higher value of B, for LCP accounts for the effect of manufacturing
tolerances and the smaller dimensions of the pipe on the combined loads that produce
vielding of the wire.

The value of B, of 1.3 for ECP for the wire yield criterion is the same as the
ultimate strength-load factor used since the early 1980s for dead, water, and earth
loads on rigid pipe in the AASHTO" Standard Specifications for Highway Bridges.
The same ultimate strength-load factors are also found in the proposed ASCE!
Standard for Direct Design of Buried Concrete Pipe. Design studies for typical LCP
showed that the wire yield limit does not govern the design of typical LCP, and the
actual load factor for wire yield strength is much larger than 1.4, Combined load
tests conducted by the industry on ECP (Zarghamee 1990) demonstrated that coating
cracks, developed under combined loads at wire yield, disappear or become less than
0.002 in. (0.050 mm) after pressure is removed. These tests demonstrate that the
wire yield limit state is actually 2 damage criterion, rather than an ultimate strength
limit state.

SECTION A.5:  COMMENTARY FOR SEC. 3.6
OF THE STANDARD

The higher value of 3, for LCP accounts for the effect of manufacturing
tolerances and the smaller dimensions of the pipe on the combined loads that produce
the elastic stress limit of the wire.

SECTION A.6:  COMMENTARY FOR SEC. 4.3.2

OF THE STANDARD

The moment and thrust coefficients corresponding to the Olander load
distribution (Olander 1950) are stated by Smith (1978). Paris presents moment and
thrust coefficients in his paper (Paris 1921).

*American Association of State Highway and Transportation Officials, 444 N, Capitol St., N.W,,
Washington, DC 20001.

tAmerican Seciety of Civil Engineers, 345 E. 47th St., New York, NY 10017.
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SECTION A.7: COMMENTARY FOR SEC. 4.3.3
OF THE STANDARD

A method of analysis for obtaining the moments around the pipe accounting for
the tensile softening of coating mortar and concrete core is presented by Zarghamee
and Fok (1990). The validity of the simplified moment-redistribution procedure
stated in Sec. 4.3.3 is discussed by Zarghamee, Fok, and Sikiotis (1990).

SECTION A.8: COMMENTARY FOR SEC. 5.3.3 AND
5.4.2 OF THE STANDARD

The tensile strength of concrete is based on the results presented by Raphael
(1984). Note that this strength is used only to define the peak of an idealized bilinear
fit through an otherwise concave and smooth curve of finite curvature.

SECTION A.9:  COMMENTARY FOR SEC. 5.3.4 AND
; 5.4.3 OF THE STANDARD

The modulus of elasticity of concrete is based on the results reported by Pauw
(1960). The modulus of elasticity calculated using Pauw’s formula concurs with the
results obtained using the formula stated by ACI" 318-83, Building Code Heguire-
ments for Reinforced Concrete, when f." is approximately 5,000 psi (34.5 MPa) or less,
but it gives lower values for high-strength concrete.

SECTION A10: COMMENTARY FOR SEC. 5.3.5
OF THE STANDARD

The stress—strain relationship of concrete and mortar is idealized to account for
the tensile softening and the stiffness of concrete and mortar when strained beyond
the microcracking stage. A comprehensive discussion of the implications of this
stress—strain relationship is presented by Heger, Zarghamee, and Dana (1990).

When concrete and mortar are stressed in tension, their stress—strain behaviors
may be approximated by the trilinear diagrams presented in Figure 2, which depicts
the following three distinct states:

1. The virgin state, in which the concrete or mortar is uncracked.

2. The strain-softened state, in which microcracking of the concrete or mortar
ocCurs.

3. The cracked state.

Microcracks are minute, short, unconnected cracks, visible only with the aid of a
microscope, usually occurring at the aggregate/cement—-mortar interface. Microcracks

*American Concrete Institute, 22400 W. 7 Mile Rd., Detroit, MI 48219,
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occur in a random pattern and are unaligned with the tensile stress field. The phrase,
“Onset of microcracking,” in Figure 2 indicates the boundary between the virgin state
and the strain-softened state. The phrase, “Onset of visible cracking,” in Figure 2 refers
to the tensile strain at which point no additional stress is transferred across the
fracture process zone delineating the boundary between the strain-softened state and
the cracked state. Near this point, microcracks coalesce and become aligned with the
stress field to form surface fissures, or macrocracks, which become visible to the
unaided eye as strain increases. o

In the literature on testing of prestressed concrete, Kennison (1960) discusses
an “incipient crack” as follows: “This microscopic crack is not readily visible to the
naked eye and is defined as a crack, 0.001 in. in width and 12 in. long.” Kennison
continues, “The first visible crack is defined as a crack 0.002 in. in width and 12 in.
long and can usually be observed with normal eyesight if a meticulous examination
of the surface is made.”

SECTION A.1l: COMMENTARY FOR SEC. 5.5.2
OF THE STANDARD

Although f7, is empirically obtained, test results show that the average yield
strength of steel sheets used in the fabrication of the cylinder is significantly higher
than the specified minimum yield strength, and agrees with the value stated in
Sec. 5.5.2,

SECTION A.12: COMMENTARY FOR SEC. 5.6.4
OF THE STANDARD

The stress—strain relationship for the prestressing wire was derived from test
results performed on the virgin wire and then corrected for the prestretching effect so
that the relationship is linear when f, < f,.

SECTION A.13: COMMENTARY FOR SEC. 6
OF THE STANDARD

An accurate procedure for computing the state of stress in buried prestressed
concrete in an environment with a varying relative humidity, similar to that of a
buried pipe, is presented by Zarghamee and Dana (1991). Based on the results of this
procedure, the simplified procedure presented in this standard was developed. The
justification of the simplified procedure and a discussion of the accuracy of this
procedure is presented by Zarghamee, Heger, and Dana (1990).
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SECTION A.14: COMMENTARY FOR SEC. 6.4.1
OF THE STANDARD

AR B AANITL e e

In the proposed procedure for computing the final prestress in prestressed
concrete pipe with multiple layers of prestressing, the part of the coating that
becomes partially prestressed by the second and third layers of prestressing is
neglected. Small-diameter pipe manufactured with relatively large intermediate
coating thickness between wire layers requires special design.

e Tl

i L

SECTION A.15:  COMMENTARY FOR SEC. 6.6
OF THE STANDARD

For a design relative humidity of less than 40 percent, creep and shrinkage may
be computed from the model by Bazant, Kim, and Panula (1991, 1992). Their results
show that when relative humidity is decreased to less than 40 percent, the increase
in creep and shrinkage is small. For practical purposes, the creep factor and
shrinkage strain computed for a design relative humidity of 40 percent may be used
for drier environments,

Bt o s LT T e

QU

*’ SECTION A.16:  COMMENTARY FOR SEC. 7
OF THE STANDARD

A comprehensive discussion of the limit-states design criteria, including the
experimental justification of each criterion and comparisons of the results of carefully
conducted combined-load tests with the calculated combined-load limits correspond-
ing to these criteria, is presented by Heger, Zarghamee, and Dana {1990),

e g ST

Y o

! SECTION A.17: COMMENTARY FOR SEC. 75.5
OF THE STANDARD

A simplified rule for determining if pipe manufactured within the continental
United States must be protected against hot environments, as defined in Sec. 7.5.5,
1s that protection is necessary enly for pipe manufactured from May 15 to September
15 at Jocations where, for 60 days or more, the maximum temperature exceeds 90°F
(32°C). These locations are shown on the accompanying US Department of
Commerce, Environmental Services Administration, Environmental Data Services’
map of the mean annual number of days during which the maximum temperature is
80°F (32°C) and above (Figure A.1}.

Application of white paint to the exterior surface of mortar-coated PCCP was
shown by one series of tests to reduce the surface temperature of pipe exposed to
solar radiation from about 135°F (57°C) to about 90°F (32°C).
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PRESTRESSED CONCRETE CYLINDER FIPE 73

To determine if pipe manufactured within the continental United States must
be protected against arid environments, as defined in Sec, 7.5.5, consult the
accompanying mean relative humidity maps, prepared by the aforementioned
services, for different months of the year (Figures A.2 through A.5).

SECTION A.18: COMMENTARY FOR SEC. 8
OF THE STANDARD

For further details and a discussion of the procedure for calculating the
limit-state loads and pressures, see the paper by Zarghamee, Fok, and Sikiotis
(1990). An cxample of the design procedure is presented in appendix C of this
standard.

SECTION A.19: COMMENTARY FOR SEC. 8.9
OF THE STANDARD

The methodology of AWWA €304 is based on extensive theoretical work reported
by Zarghamee and Fok (1990} and on extensive experimental work, including
combined load tests reported, and compared with the simplified procedures that are
the basis of this standard by Heger, Zarghamee, and Dana (1990). These references

results. One of the assumptions of Sec, 8.9 is that applied thrusts act on a circular
reference axis. Zarghamee and Fok state, “Although the location of the reference
axis...is arbitrary, it is recommendod that it be at the centroid of the coated pipe
cross section caleculated for the pressured pipe in absence of any bending moments
from external loads and pipe and fluid weights,”

As shown in Figure 5 of Sec. 8.9.1 and Figure 8 of Sec, 8.9.2, the reference line
of action of the computed thrust is at the centroid of the transformed coated pipe
cross scetion caleulated for the total thrust. The total thrust is comprised of the
thrusts applied by external loads, pipe self weight, contained fluid weight, and
internal pressure. An exception to this selection of the line of action of the computed
thrust is in the computation for serviceability criteria at the springline, in which a
simplifying approximation of neglecting the coating while setting e = e, was compared
with actual test results and was determined to be valid (Zarghamee, Fok, and
Sikiotis, 1990).

Computations of moments and thrusts from the combined loads are based on
elastic theory for a circular ring of constant thickness and radius R to the geometric
centroid of the cross section. Although R does not coincide with the radius to the
center of the cross section used in Figure 5 and Figure 6, the resulting difference is
negligibly small. The use of R for the computation of applied moments and the use of
the transformed centroid as the location for the application of thrust to the cross
section is consistent with accepted engineering practices for the design of statically
indeterminate structures. '
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APPENDIX C
Pipe-Design Example

This appendix is for information only and is not o part of AWWA €304,

SECTION C.1: INTRODUCTION

The design example included in this appendix uses the US system of units. If
designs using the SI system of units are required, proper equations should be used
where direct conversions of units are not possible, These equations are provided in

AWWA C304-99.

The design procedure requires caleulation of the following: References’

1. Residual stresses in the concrete and steel elements of !

the pipe from prestressing after losses caused by the
creep and shrinkage of concrete and wire relaxation. !

2. Moments and thrusts at invert and springline of the
pipe resulting from the factored load and pressure
combinations specified in Table 1 for ECP and Table 2
for LCP.

3. Internal-pressure capacities and moment capacitics in
the pipe wall.

4. Strains and stresses in the pipe wall resulting from
moments and thrusts caused by the factored load and
pressure combinations,

The internal pressures, moments, strains, and stresses in the pipe wall are
compared with the internal-pressure capacities, moment capacities, and strain and
stress limits specified in Table 3 for ECP and Table 4 for LCP,

The design procedure is iterative. An initial wire area is assumed and, using
this area, all design criteria are checked. If any of the criteria are violated, a new
larger wire area must be assumed. If none of the criteria is violated, the initial wire
area must be decreased. If an estimate of the final wire area is not available, the
following systematic procedure may be used:

References
1. Compute the minimum and maximum allowable wire AWWA
areas for the pipe from the AWWA C301 wire-spacing C301-99,
requirements, Sec. 3.2.2

2. Compute the wire area required by the burst pressure Eq 84
criterion.

'Where no AWWA standard number is given, the reference is to AWWA C304-99.
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References
3. Compute the wire area required from the maximum Eq 8-1
Y pressure criterion. Eq 8-2
._'\ 4, Check all other criteria using the minimum wire area Sec. 8.2
that satisfies the maximum wire spacing, the burst
A pressure, and maximum pressure requirements.

5. If any criterion is violated, a design using the maximum
; wire area that satisfies the minimum wire spacing
requirement may be checked to determine if a feasible
design exists.

6. If a feasible design exists, the smallest acceptable wire
area may be determined by trial and error. If no feasible
design exists, other design parameters such as wire
diameter, number of layers of prestressing wire, concrete
strength, and core thickness must be modified.

In this example, representative calculations are presented to illustrate the
design procedure. It is assumed that the final design wire area for the example pipe
has already been determined; the calculations presented are for checking the design.

4 SECTION C.2: DESIGN PARAMETERS

.- References!
Pipe: 72-150 ECP with cast core
Core: D; = 72in,D,=7551n, k. =55 in.

Pressures: P, =150 psi, P, = 60 psi, Py = 180 psi

Earth load and fluid weight:
« W, = B6,0001b/idt, W, =0

2
Dy - nx 722 % 62.4 _

W = = = 1,764 Ib/ft

4 x 144 4% 144
Wire: 6 gauge, d, = 0.192 in,, Class III, f,, = 189,000 psi,

fuu = 252,000 psi, E, = 28 x 10° psi

fiy = 0.85f, = 0.85x 252,000 = 214,200 psi Sec. 5.6.2
d,

Ay = —x oo 819244975 Sec. 8.1
2h,  2x5.5

Eg = fig _ 189,000 _ 6,750 x 107° Sec. 8.1

® E, a9gx10°

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Referencesl!
£y = foy _ 214,200 _ 7,650 x 107° Sec. 8.1
E,  28x10° .
Coating: h,, = 0.75+d, = 0.75 + 0.192 = 0.942 in. AWWA
C301-99
Sec. 3.1.5
A
Ay = oo 0942 4 6000 Sec. 8.1
2h,  2x55
— Di+h +h
R = Tl 7245540942 _ g900. Sec. 4.1
2 2
Cylinder: 16 gauge, £, = 0.0598 in. , fyy = 33,000 psi,
f —45000p51 E, = 30 x 108 psi
D, -D, -
he = —L o1, = 19572 00508 - 169 in. Sec. 8.1
D.-D. t
d, = D2 1y _T55-72 00598 ;oo Sec. 8.1
2 32 2 2
A, = G172 _ a4 Sec. 8.1
h 5.5

Steel cylinder and concrete cross-sectional areas:

Ay, = 121,=12x0.0598 = 0.7176 in. %t Sec. 8.1
A. = 12(h,~t) =12 (5.5 - 0.0598) = 65.28 in.2ft  Sec. 8.1
Concrete: f.” = 5,500 psi {cast)

E, = 158y 151 £ 03 _ 158 « 145151 x 5,50003
- 3.84 x 108 psi Eq 5-2
E 8

no= te BBXI0 g4 Sec. 8.1
E.  384x10°
E &

o= o _30_><19_6 = 7.81 Sec. 8.1
E. 384x10

fi = 7. =17.5500 = 519 psi Eq 5-1

e = Lo 519 ae o0 Figure 2
E. 384x10°

g = 1lg/=11x135x 1070 = 1,487 x 1078 Figure 2

'Where no AWWA standard number is given, the reference is to AWWA C304-99,
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References!
Mortar: fn" = 5,500 psi
Ep = 158 x 14051 x 550003 = 3.64 x 106 psi Eq 5-6
E 6
m = I g‘-%@—s = 0.948 before softening Sec. 8.8
E. 384x10
fim = 7 .ffm' =7./5,500 = 519 psi Eq 5-5
€, = T 519 143 % 10 %n. /in. Figure 2
B,  364x10°
Exm= B88m=8x143x10%=1144 x 10-6 Figure 2
Environment: RH = 70%, t; = 270 days, t, = 90 days Sec. 6.6
Sec. C.2.1 Moment and Thrust Coefficients
References!

Earth load (bedding: 90° Qlander):
Crie= 01247, C, 5, = 0.0885, C,,1, = 0.3255, Cpoe = 0.5386

Pipe weight (bedding: 15° Olander):
Crmip= 0.2157, Crngp = 0.1018, Ch1p = 0.1029, Crop = 0.3026

Fluid weight (bedding: 90° Olander):
Cryy = 0.1208, Congr = 0.0878, Crir = —0.2708, Cror=-0.0617

SECTION C.3: MAXIMUM AND MINIMUM
WIRE AREAS

Sec. C.3.1 Maximum Prestressing-Wire Area Based on Minimum Wire Spacing
1

References
The minimum allowable center-to-center wire spacing is twice the AWWA
wire diameter or 0.384 in. Therefore, the maximum prestressing-wire (301-99,
area based upon the minimum wire spacing is Sec. 3.2.2

2 2
gg_x 12 _314x0192° 12 - 0.905 in Yt
4 " 0.384 4 0.384

Asmax =

1Where no AWWA standard number is given, the reference is to AWWA C304-99,
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Sec. C.3.2 Minimum Allowable Prestressing-Wire Area Based on Maximum
Wire Spacing

References!
The maximum allowable center-to-center spacing of wire is 1.5 in.; AWWA
therefore, C301-99,
Sec. 3.2.2
nd’ 12 314x0192% 12 5
Asmin = — =Xy = T XyE = 0232
Sec. C.3.3 Minimum Prestressing-Wire Area Based on Burst Pressure
References!
The pipe shall have the necessary strength against burst when Sec. 7.5.3

subjected to the load combinations FWTS.

Pp = 16P,+20P,=1.6x150+2.0x60=360 psi Eq 312 D = Deredio

PERRTOREY o
. bt T @5
Py = Ayf}*y 'FAsfS_u_>A - 6Dbe—Ay f;:v Eq 8-4 I ‘“/F"‘
5 P
GD}, su Y e i o
i, e
R T I W
A, = 6 x 1175.5 x 360 - 0.7176 x 45, 000 - 0519 in2/ft ® s leyn it
252,000 : G e
e L a2
Thus, the prestressing-wire area required for the burst pressure e SSE? ‘\ -
criterion (0.519 in.%/ft) is the minimum allowable prestressing-wire BRSO
area, N T
5 e
b \D

SECTION C.4: STATE OF STRESS CALCULATIONS

See. C.4.1 Modular Ratios

References!
n; = 109 (£,7%3 = 109 (5,500) 09 = 8,23 Sec. 6.5
ny = 117 (£7598 - 117 (5,500)08 = 8.83 Sec. 6.5 *
n, = 93(£)79%=93(5,50002 = 7,02 Sec. 6.5
nS = 99 (£7%3 = 99 (550003 = 7.47 Sec. 6.5

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Sec. C.4.2 Creep, Shrinkage, and Wire Relaxation

References!
For RH = 70%, ¢; = 1.76 and ¢, = 1.79. Sec. 6.6
Sec. C.4.2.1 Volume-to-surface ratios
References!
D -D, _
hep = ho- =L = 5.5_3%7—2_0 =375 in.
2 -0.544
vk = /3(1 +1.13¢ ] Eq 6-24
- 213(1+ 1.13e_0'54“’69] = 0.969
9 o -0.54¢h 4 h,)
Yiheo + hyy) = /3[1 +1.13¢ ] Eq 6-24
_ 2},3[1 41,180 054(3.75 +0.942)] = 0726
2 -0 54?r.m
v(h,,) = ;3(1+ 1.13¢ ) Eq 6-24
- 2f3[1+ 1.139“"5‘“‘”'942] = 1.120
Sec. C.4.2.2 Creep factor
References!
0 = O1Y(hy) = 1.76 x 0.969 = 1.705 Eq 6-18
com= 0o¥(heo + ) = 1.79 x 0.726 = 1.300 Eq 6-19
O = $ov(h,) =179 x 1.12 = 2.005 Eq 6-20
) — (hco+hm)¢com _hm¢m+hci¢ci Eq 6-16
hci * hco
(3.75 + 0.942)1.3 - 0,942 x 2.005 + 1.69 x 1.705 = 1.304
1.69+3.75 '
Sec. C.4.2.3 Shrinkage factor
References’
-0.124 }
Yhe) = 12 ¢ = 1.9.°012%168 _ 90, Eq 6-25
—0.12(h_, +h ) -
Yo + hy) = 1.2¢ ottt _ 19, "012BT5 400D _ g gaq b6 ox
-0.12/
Yy = 1.8e " = 1.9e7012X0942 _ 4 onp Eq 6-25

1Where no AWWA standard number is given, the reference is to AWWA C304-99,
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For RH = 70%, sy = 184 x 107 and g, = 299 x 10-9
Sei = 817 () = 184 x 1076 x 0.980 = 180.3 x 10-°
Scom= S2Y (heg + Nyy) = 299 x 1075 % 0.683 = 204.2 x 106
Sm = sy '(hy,) = 299 x 1078 x 1.072 = 320.5 x 10-6
s - (hco + hm )Scom B 'J"‘msm + hcisci
(hci+hco)
(3.75 +0.942)204.2 — 0.942 x 320.5 + 1.69 x 180.3 1
(1.69 + 3.75)
=177 x 1078
Sec, C.4.2.4 Wire reloxation
R =0 111-35(‘3‘] =0 111~35[0_-5£9] - 0.0832
' \A ‘ “\65.28)

Sec. C.4.3 Initial Prestress
AL

fio = s/ sg
[ -
Ac+n Ag+n/A,

0.519 x 189,000

= = 1,293 psi
65.28 + 8.23 x 0.519+ 8.83x 0.7176 ~ ~<7° P81

fiy = n;fio=8.83x1,293 = 11,417 psi

fis = —fgtni'Fe = -189,000 + 8.23 x1,293 = 178,359 psi

ML
Sec. C.4.4 Final Prestress

ficlA.+n, A+ nSAN-(AE +AE s -ARf,

for = Ac*'(”rAs'bnr’A.)’)(l +9)

1,293(65.28 + 7.02 x 0.519 + 7.47 x 0.7176) -
66.28 + (7.02x0.519 + 7.47 x CG.7176)(1 + 1.304) —

(0.519 x 28 x 10° + 0.7176 x 30 x 10%)177 x 10~°
65.28+ (7.02x 0519 + 7.47 x 0.7176)(1 + 1.304)

0.519 x 0.0832 x 189,000 o
65.28 + (7.02 x 0.519 + 7.47 x 0.7176)(1 + 1.304)

= 947 psi . S T
{5 PR

References!
Sec. 6.6
Eq 6-21
Eq 6-22
Eq 6-23

Eq 6-17

0-6

References!

Eq 6-30

References!

Eq 6-1

Eq 6-2
Eq 6-3

References!
Eq 6-4

y A= O‘-’".q o1
5:T:-i—‘(_“";

- 6232 62

B161 17

¥

1Where no AWWA standerd number is given, the reference is to AWWA C304-99.
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References!
Er = g—’ = 2T _ = 94710
; ¢ 3.84x10
A (fi on, +E,s)-RA.f n’(1
i = iy S B0 RA fyn (e g) Bq 65
Ac+(nrA3+nrAy)(1+¢)

11,417 4 65:28(1,293 x 1.304 x 7.47 + 30 x 10° x 177 x 107
’ 65.28 + (7.02x 0.519 + 7.47 x 0.7176)(1 + 1.304)

0.0832 x 0.519 x 189,000 x 7.47(1 + 1.304)
65.28 + (7.02x 0.519+ 7.47 x 0.7176)(1 + 1.304)

= 23,371 psi

(0, + ED—RA,f,.n,(1+9)
A+ (n, A+ n AN1+¢)

f:sr = fis + Rf:sé:u Eq 6-6

= -178,359 + 0.0832 x 189,000 =—|¢7 ¢ 24 73 A'0%6 195 . 48
A

65.28(1,293 x 1,304 x 7.02 + 28 x 10° x 177 x 10°6) .
el 65.28 4 (7.02x 0.519 + 7.47 x 0.7176)(1 + 1.304)

— 2| d99, 44
0.0832 x 0.519 x 189,000 x 7.02(1+1.304) - = -151,426 psi
65‘28+(7.02X0.519+7.47X0.7176)(1+ 1.304) ’

Sec. C.4.5 Decompression Pressure

1

References
P, - FerlA +n A+ n, A) Eq 6-7
6D
y S
947(65.28 + 7.02x0.519+7.47x0.7176) - 155 .
B8x75.5 -3 psi

SECTION C.5:  MINIMUM PRESTRESSING-WIRE
AREA BASED ON MAXIMUM

PRESSURE
The minimum.prcstressing-wire area shall meet the following requirements:
References!
Criterion: Load combination:
P,=P, W1 Sec. 7.3.5
Py+P =min(Py,14P) WTI Sec. 7.3.5

P, =150 psi < P, = 155.3 psi; therefore, loading condition W1 is satisfied.

Where no AWWA standard number is given, the reference is to AWWA C304-99,
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To check the loading condition WT1, first calculate

0.5e,," 57
P = Pomin[ km y ﬁ}

or cr

= min [POE‘—?&E, Po(l + f’fﬂﬂ

Referencest

er er

Because,
5 /f; {
pf1s 340 155.3[1 N 5——5@_‘?) = 216.1 psi
£ 947
and
0.5¢,; -6
PO[-—_@&) - 155.3[0-5 XL 144 10 ] = 359.6 psi
Ecr 247 x 10
Py = min [216.1, 359.6] = 216.1 psi -

and

min (P, 1.4 F,) =min (216.1, 1.4 x 155.3) = 216.1 psi
Therefore,

Py + Py = 150 + 60 = 210 psi < 216.1 psi

and loading condition WTI is satisfied.

SECTION C.6: STRESS FROM PRESTRESSING FOR
FINAL DESIGN AREA

The prestressing-wire area for the final design that satisfies all design criteria,
determined using a computer program to perform iterations, is 0.565 in.%/ft. This area
is greater than the minimum wire area needed to satisfy the burst-pressure
requirements described in Sec. 3.3. The state-of-stress calculation for Ag = 0.565 in. 2/t
follows the calculation procedure stated in Sec. C.4 for Ay = 0.519 in.%ft and produces
the following results:

References!
fer = 1,028 psi

fer _ 1,008

-G
€., ~ 268x 10
‘ E. 384x10°

fyr = 24,918 psi

IWhere no AWWA standard number is given, the reference iz to AWWA (304-99,
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References

& = for | 24918 go1 1076

E, 30x108
fsr = -150,192 psi
e, = Lr_ - 0192 5364107

B, ogx10°
P, = 169.36 psi
N, = 6D, P, =6x 755 x 169.36 = 76,720 1b/ft Eq 4-1

Using the above prestress values, P;' can be computed as shown earlier.

P, = 230.44 psi

Ny = 8D, P," =6 x175.5 x 230.44 = 104,389 1b/ft Eq 8-3
Pipe weight can now be computed for A, = 0.565 in. %1t

Wp 144[(1) +h Ry, + (Di+2hc+hm)hmym

A
+ (D~ t )t (¥, — 1) + (D + 2k, + ds)l_g(ys _ ym)J

144\_(72 +5.5)5.56x 145 + (72 + 2x 5.5 + 0.942)0.942 x 140

+(75.5 - 0.0598) 0.0598 (489 ~ 145)

+ 2+2x5.5+ 0.151}“;]0.565(489 - 140)] = 1,654 Wb/ft

Furthermore, the location of the neutral axis for prestress thrust is

. hc0.5bhc+nAs(1+7Ls}+(n‘—1)A 2y Eq 8-6
bh etRA+(n -1)A, 2, "

[05x12x55+729x0565(1+00175)
12x5.5 +7.29x0.565 + (7.81 1)07176

— -

(7.81-1)0.7176 x 0.313 J= 2839 in. v

12x5.5+7.29x0.565 + (7.81 - 1)0.7176

1
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SECTION C.7: SERVICEABILITY AT FULL PIPE
CIRCUMFERENCE

The serviceability at full pipe circumference includes the following criteria and
load combinations:

References!
Criterion: Load combination:
Core decompression limit w1 Table 3
Coating cracking WT1 Table 3

In other words, the prestressing-wire area must satisfy for loading combination W1
P, = P

P, 150 psi < P, = 169.36 psi

i!

and for loading combination WT1:
P, + P, = min (Pr’,14 P,)

Because
min (£3", 1.4 P,} = min (230.44, 1.4 x 169.36) = 230.44 psi,
Py, + Py = 150 + 60 = 210 psi < 230.44 psi

Therofore, both requirements are satisfied.

SECTION C.8: SERVICEABILITY AT INVERT/CROWN

Limit states of serviceability at invert/crown include the following criteria and
load combinations:

References!
Criterion: Load combination:
Inside core cracking w1 Table 3
Inside core visible cracking WT1, WT2, FT1 Table 3
Inner core-to-cylinder radial tension FW1, WT3 Table 3
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Applied moment and thrust at invert for load combination WT1:

References!

My = RIC,, (W, +W)+C

mipWp+ CoafWel Eq 4-2
= 39.22[0.1247(6,000 + 0) + 0.2157 x 1,654 + 0.1208 x 1,764]
= 51,694 lb-in./ft
Ny = 6D,P-[C,1, (W, + W,) + Chip Wp + Cry Wy Eq 4-4
= 6x75.5(150 + 60) ~ [0.3255(6,000 + 0) + 0.1029 x 1,654
+{~ 0.2703)x 1,764] = 93,484 o/t
The procedure for determining the strain and the stress distribution in the cross

section caused by applied loads is iterative and requires satisfying the force and
moment equilibrium equations. An iteration cycle is demonstrated below for trial

values of
V2 = 1.696
kB =0.704
Sec. C.8.1 Constants
' References!
kh
t = e o 0F04XED g0 Sec. 8.9.1
1+, 1+1.696
ts = vVoify=1696x 1.4362 = 2.4358 in. Sec. 8.9.1
d
A= =22 L2 | 4706 Sec. 8.9.1
t, 24358

The location of the neutral axis under the thrust Ny is given by

Eq 8-7

0502 +(n-m)A(1+X)+(n - 1)Ay7\.}, +mbh, (1 +km):[

= h,
‘ [ bii.+(n—m)A +(n - 1)A +mbh,,

- 55 [ 0.5%x12x 5.5+ (7.29 - 0.365)0.565(1 + 0.0175)
12 x 5.5 +(7.29 -0.365)0.565 + {7.81 - 1)0.7176 + 0.365 x 12 x 0.942

+

(7.81 - 1)0.7176 x 0.313 + 0.365 x 12 x 0.942(1 + (0.0856) :[
12x5.5+(7.29 -0.365)0.565 + (7.81 - 1)0.7176 + 0.365 x 12 x 0.942

= 2.996 in.

YWhere no AWWA standard number is given, the reference is to AWWA C304-99.
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Where:

m = 0.365 is calculated by trial and error for tensile softened coating when
the pipe is subjected to a tensile thrust of N, alone,

References!
The tensile strain in the coating is
N
Emm= — L - Eq 8-8b
E [Bh, +(n- miA +(n - DA, +mbh,)
E 7
m = ”‘[8 Stm —1} Eq 8-8a
7Ec ‘emm )

For trial value of m = 0.365,

93,484
£ = - *
. 3.84x10%112x 5.5 + (7.29 - 0.365)0.565 + (7.81 - 1)0.7176 + 0.365 x 12 x 0.942]
= -309 x 1076
. 6 -6
m - _3.64x10 6[8143 <1070 1] - 0.365
7x3.84x10°0 309%x10
Sec. C.8.2 Strains
References!
i = (1+vgleg =(1+1.696)135 x 107 = 364 x 10-6 Sec. 8.9.1
A, -5 0.313 -6
Aey = sci[l ——;SJ = 364 % 10 [ _{_)_7’64_1) = 202 % 10 Sec. 8.9.1
(1 8 1 -6
£y = aa[E - 1] = 36410 [m - 1) - 153x 10 Sec. 8.9.1
At, = ¢ .(l-i”t ) ~ 364 x 10"‘6[%_1) = 162x 1075 Sec. 8.9.1
s e\ Th 0.704
(14 ;\‘m _ -6(1+ 0.0856 -6 g
Emm = £y 7 ~1]-e, = 364x10 W_l - 268 x 10 ec. 8.9.1
= —71x10°%
1+25 . -6/ 1+ 2 x0.0856 -6
€ng = € —1-g, = 364107 L2290 4} 9agy qp Sec. 8.9.1
0.704
= -26x%x 1078

"Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Sec. C.8.3 Stresses

References’ ' .
Because 0 < vy = 1.696 < v = 10 and A = 0.706 < 1,
£ = [ J’E) f = [1_1—-595]519=431 psi Sec. 8.9.1
v 10
- A 0.313
Af, = nf(1 +v2)[1 - f) = 7.81x519x (1 + 1.696)(1 _mj Sec. 8.9.1
= 6,069 psi
foy = fr‘[l - %(1 —l)] = 519[1 _ %@(1 - 0.706)} = 493 psi Sec. 8.9.1
, 1 1 .
foo = fr(le+ vz)[z— 1) - 519(1+ 1.696)(m - 1] - 588 psi Sec. 8.9.1
Afy = nf (1 v2)(1 the_ 1] = 7.29%519(1 + 1.696)(%%2—75 - 1) Sec. 8.9.1
= 4,542 psi
1+A,
oo = m[ i1+ vg}[ LS 1] ~fo] Sec. 8.9.1
_ 1400175 ) - .
- 0.948[519(1 . 1.696)[——_0_704 1) (1,028)} ~ ~384 psi
1+X
fmrn= m[ﬁ'(l‘”’z)( % mhl)_fcr:’
- 0.948[519(1 . 1.696)(1—+9£85_6 - 1] - 1,028} = 256 psi
0.704
1+254
o = m[f;(l + v2)[ - 1) --fcr] Sec. 8.9.1

i

1+2x0.0856
0.704

If

0.948[519(1 4 1.696)( 1) _ 1,028} — _94 psi

Where:

m = 0.948 corresponds to the condition of no tensile softening of
mortar, because the tensile strain in the coating is
~Epm = T1x 108 < ¢, = 143 x 10°5.

B UM SN

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Sec. C.84 Internal Forces | i_
References! !
Fy = —4bt; (1+V)f,' =~ 1o x 12 x 14362 (1 + 10) 519
= — 49,196 Ib/ft Sec. 8.9.1
Fi = Yabt; (WFvo) £y = % % 12 x 1.4362 (10 — 1.696) 431
= 30,841 Ib/ft Sec. 8.9.1
Fo = FJi+F.  =-49,196 + 30,841 = —18.355 Ib/ft Sec. 8.9.1
Fy = -AJAfy,—f) = —0.7176(6069 — 493) = —4,001 b/t Sec. 8.9.1
F, . 5’%{1 ~B)f,, = 12 >;5'5(1 —0.704)588 = 5,744 1b/ft Sec 8.9.1 i
Fy = AJAf; - fine) = 0.565(4,542 + 384) = 2,783 b/t Sec. 8.9.1
Fn' = % bh,m(f,,-f,,) =% x 12 x 0.942 x 0.948(588 — 1,028) :
= - 2,358 Ih/ft Sec. 8.9.1 |
Fo'= Yo bh_f, =Y%x12x 0.942 x (—94) = — 531 1b/ft Sec. 8.9.1 |
F, = F, +F,” =-2358 — 531 = 2,889 Ib/ft Sec. 8.9.1
Sec. C.8.5 Sum of Forces
References! i
LF = N,-N{-(F,;+ F,+F,+F,+F,) Eq 89 |
= 76,720 - 93,484 ~ (-18,355 — 4,001 + 5,744 + 2,783 — 2.889) ' .=
wec. C.8.6 Internal Moments .
References!
My = -F[L+a)h, - zt(vz + 12 "‘]] F[eagh st "3“'2] Sec. 8.9.1
- 49,196[(1 +0.0175)5.5 - 1.4362( 1.696 + L ‘310)}
- (30,841)[(1 +0.0175)5.5 + 1.4362-10—_%'6—96-J = 72,248 Ib-in/ft I
!Where no AWWA standard number is given, the reference is to AWWA (304.99, :
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1

References
M, = —F,h(1+A—h)=4001x55(1+0.0175 - 0.313) Sec. 8.9.1 .
= 15,503 lb-in/ft
M, = _thc(l - k, )\.s] - 5,744 x 5.5(%@3 ¥ 0‘0175] Sec. 8.9.1
= -3,670 Ib-in./ft
2 40
M, = F, hc(us_m _ xs) + Fm"hc( = —7»3] Sec. 8.9.1
= — 2358 X 5.5[2_"9;}—85—6 - 0.0175] _
531 x 5.5[905&@ - 0.0175] = — 795 Ib-in/ft
Sec. C.8.7 Sum of Moments
References!
M = My-N,~[(1+3h, - e + Nyl(1+ Ak, — el - M,
— M, - My, - M, Eq 8-10
= 51,694 — 76,720[(1 + 0.0175)5.5 — 2.839] + 93,484[(1 + 0.0175)
5.5 — 2.096] — 72,248 — 15,5603 + 3,670 + 795 = -46 = 0 '
F""‘{' {O '; -'ﬁ‘{ k-
herefore, equations for equilibrium of forces and moments at the invert are
satisfied.

Note that £, = 364 x 1076 < ¢,” = 1,487 x 1078 and, therefore, the strain limit
corresponding to the visible crack control inside the ~ore is satisfied.

References!

To check the radial tension when there is no fluid pressure, repeat Sec. 8.6
the same calculations iteratively until v; and k values that satisfy

both equations of equilibrium are determined. Because the strain in

the inner fiber of the core for both loading conditions FW1 and WT3

ig not tensile, radial tension does not develep.

The results for the final iteration cycle for all serviceability limit states at
invert/crown obtained using a computer program are summarized in Table C.1. Note
that small differences with hand calculations are caused by roundoff.

lhere no AWWA standard number is given, the reference is to AWWA C304-99.
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Table C.I  Summary of calculations for serviceability at invert/crown

Limit-State Load Ny M, Strain or Limiting Criterion
Criterion Combination (Ib/ft) (lb-in./ft} vy k Stress Value Satisfied
Inside core w1 66,304 51,685 -0.199 0368 108 x 10 203 x 10°6 Yes
tensile strain
(s = 15¢))
Inside core WTI1 93,484 51,685 1.684 0.704 363 x 107® 1,487 x 1078 Yes
f;“;lees,t)ram WT2 66,304 51,685 0,199 0.368 108 x 106 1,487 x 10~5 Yes
{ — by
' FT1 87,883 56,853 1.210 0.641 299 x 10® 1,487 x 10-6 Yes
Core‘itoicylinder FW1 -2,135 59,018 -1.773 0363  -26 psi 12 psi Yes
radial tension £ - .
(0, = 12 psi) WT3 -1,646 51,685 -1917  -0.491 —28 psi 12 psi Yes

SECTION C.9: SERVICEABILITY AT SPRINGLINE

Limit states of serviceability at springline include the following criteria and load
combinations:

References!
Criterion: Load combination: '
Outer core microcracking W1 Table 3
Coating microcracking w1 Table 3
Outer core visible cracking WT1, WT2, FT1 Table 3
Coating visible cracking WT1, WT2, FT1 Table 3
Inner core compression W2, WT3 Table 3

Calculation procedures for all of the criteria and load combinations are similar.
The detailed calculations for outer core visible cracking and coating visible cracking
under load combination WT1 are shown below. The results for other criteria are
summarized at the end of the section.

Applied moment and thrust at springline for load combination WT1:

References!

My = R[C,p(W,+W,)+ Cougp Wy + Co W/l Eq4-3 |
= 39.22{0.0885(6,000 + 0) + 0.1016 x 1,654 + 0.0878 x 1,764]
= 33,491 lb-in/ft :

Ny = GDJ,P—[CR2E(W8+ Wr}+Cn2pr+C,12fo] Eq 4-5

= 6% 75.5(150 + 60) — [0.5386(6,000 + 0) + 0.3026 !

x 1,664 — 0.0617 x 1,764] = 91,507 1b/ft

'Where no AWWA standard number is given, the reference is to AWWA C304-99.
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The procedure for determining the strain and the stress distribution in the pipe
cross section at springline caused by the applied loads is iterative and requires
satisfying the force and moment equilibrium equations. An iteration cycle is
demonstrated below for the trial values of

vg = 0.296
k' =0.702
Sec. C.9_.1 Constants
References!
1, 1 .
= Fh = — = ___ 0O, b =2, . . 892
t; T+v, Che = o 0.2960 702x5.5 = 2979 1in Sec. 8
t, = vgot,=0.296x 2.979 = 0.882 in. Sec. 8.9.2
ho-d, 55-1.72
A= ey _20- 102 4o0p Sec. 8.9.2
t 0.882 5
Sec. C.9.2 Strains
References!
€o = (L+Vo)e, =(1+0.296)x 135 x 107° = 175 x 1078 Sec. 8.9.2
‘ 1 6 1 6
6 = ew[k—,- 1) = 175 10 (m_ 1] = 74x 10 Sec. 8.9.2
At,= € (1—17“1 _ 1) = 175 x 10‘6(ﬂ - 1) — _4x107 Sec. 8.9.2
Y ok 0.702
A -6(,  0.0175 -6
Ae, = em(uk—f) = 175 x 10 (1+ 0.702) = 179x 10 Sec. 8.9.2
¢ = Ac, fsr=ther 0g . 1076 = 150,192 - 7.20x1,028
E, 28 % 10
= 5,811 x 1078 Sec. 8.9.2

2 x (0.0856

2\ &
Emo= eco[l + _k‘") e, = 175% 10 (1 - 208

j + 268 x 10 Sec. 8.9.2

= 486 x 107®

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Sec. C.9.3 Stresses

For vy = 0.296 satisfying the inequality 0 < v4 < v = 10,

feo

fei =

[t}

Af,

f;'y =

It

Afs

o\ 0.296 .
1__2) : =[ —%)51 -
[ 2) 221519 = 504 psi

(1 1 .
(1+vy) , (Fhlj - (1+0.296)x519(m-1] = 286 psi

1-2 1-0.313
R4y '[-—_z— 1) = 7.81(1 +0.296 519[——'; _ 1]
(1+volfe k ( ) 0.702
=~ 112 psi
4.286 > 1; therefore,

1-2 1-0.313 )

1+v '(—1—1)= 1+0.296 519[——-——1

(A +vo)fe PE (1+ ) 0.702
= ~14 psi

(1 A 0.0175

1 1 _S) = 7.29(1 + 0.296 519[1 ——]

o +V2)f’( i 1+ ) 0702

= 5,026 psi

See. C.9.4 Internal Forces

Foi = %(1-k)bhfo; = Yl - 0.702)12 x 5.5 x 286 = 2,813 Wb/t

%
I

y = AAf, —f) = 0.7T176(-112 + 14) = — 70 b/t

Fio= -%bt;(L+V)fy = - ¥ x 12 x 2.979(1 + 10)519 = - 102,043 Ib/ft

Because 0 < vy = 0.296 = v = 10,

Foo'= Yabty(v - volfy, = 16 x 12 x 2.979(10 — 0.296)504 = 87,418 Ib/ft

Foo = FJp+ F ) = -102,043 + 87,418 = -14,625 lb/ft

Fy = —A,Af, = 0565 x 5,026 = —2.840 Ib/ft

References!

Sec. 8.9.2

Sec. 8.9.2

Sec. 8.9.2

Sec. 8.9.2

Sec. 8.9.2

References!

Sec, 8.9.2
Sec. 8.9.2

Sec. 8.9.2

Sec. 8.9.2

‘Sec. 8.9.2

Sec. 8.9.2

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Sec. C.9.5 Sum of Forces

IF

Sec. C.9.6

Referencesl ‘
No=-No—Fy+F +F,+F) Eq 8-11
76,720 - 91,507 — (2,813 — 69 — 14,625 — 2,840) = -66 = 0
Internal Moments
References*
i-%°
Fm-[(l AR, - (_3_)"0] Sec. 8.9.2

2,813[(1+0.0175)5.5_(1‘0':‘;02 5-5] = 14,205 lb-in /ft

Fyh(1+ 3k - 2)) = =70 5.5(1 + 0.0175 — 0.318) = ~271 lb-in/ft ~ Sec. 8.9.2
Because 0 < vp = 0.296 = v = 10,

v

Foo[hoh+ tt(v2 + %)] + By T, - zt"'; J Sec. 8.9.2

- 102,043[5.5 % 0.0175 + 2.979(0.296 41 “310ﬂ

‘ 87,418[5.5 x 0.0175 - 2.979£:§ﬁ_5) (

= — 21,795 lb-in./ft

Sec. C.9.7 Sum of Moments About Wire

M

References!

My + N, [0+ 3) he —egl = Na 11+ A) b, — el — (M + My + M,) Eq 812
33,491 + 76,720 [(1 + 0.0175) 5.5 — 2.839] — 91,507 [(1 + 0.0175) 5.5
— 2.839] - (14,205 — 271 — 21,795) = 581 Ib-in/ft

For serviceability limit states at springline, the contribution of mortar stress to
force and moment equilibrium has been neglected, the coating in computing the line
of action of thrust Ny, that is, e = e,, has been neglected at the same time.

Because the equations of equlibrium of forces and moments are satisfied,
convergence has been achieved and the caleulated stresses and strains are correct for
the loading condition WT1.

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Table C.2 Summary of calculations for serviceability at springline
Limit-State Load Ny My Strain er Limiting Criterion

Criterion © Combination  @#b/fy  (b-in./ £ vy k’ Stress Value Satisfied
Guter core tensile strain w1 64,327 33,482  -0478 0300 70 x 109 203 x 107° Yes
(g =15¢"
Outer coating tensile W1 64,327 33,482 —0.478 0.300 378 x 10°° 912 x 107 Yes
strain
(€ = 0.8 647%,)
QOuter core tensile strain WT1 91,507 33,482 0.296_ 0.702 176 x 1078 1,487 x 10°° Yes
(e = 87 WT2 64,327 33,482 0478 0300  T0x10° 1487x10°  Yes
FT1 85,708 36,830 0.183  0.606 160 x 10-5 1487 x 10 Yes
Outer coating tensile WT1 91,607 33,482 0.296  0.702 486 x 10° 1144 x 100 Yes
f;’“ins &) WT2 64,327 33482 -0478 0300 378 x 106 1,144 x 10~ Yes
me = Hm FT! 85705 36830 0183 0606 473x10° 1144x10° Yo
Inner core compression
(fy =055 FAS W2 ~3,623 33,482 —2.228  -0.705 1,536 psi 3,025 psi Yes
= 0.65 ) WT3 -3,623 33,482 ~2.223  -0.705 1,536 psi 3,575 psi Yes
The outer core tensile strain limit is satisfied, because ¢, = 175 x 1076 « g =
1,487 x 1079,
The outer coating tensile strain limit is satisfied, bocause Eme = 486 x 1078 < & m
= 1,144 x 1075,

It could be demonstrated, following the same calculational procedure, that all
other criteria are satisfied for all relevant load combinations. The results for the final
iteration cycle obtained using a computer program are summarized in Table C.2.

SECTION C.10:  ELASTIC LIMIT AT INVERT/CROWN

The elastic limit states at invert/crown include the following criteria and load

combinations:

References!
Criterion: Load cembination:
Yielding of cylinder WT1, WT2, FT1 Table 3
Onset of tension in cylinder WT3 Table 3

Calculation procedures for all of the criteria and load combinations are similar.
For the load combination WT1, stresses and strains in the pipe invert satisfying the
equations of equilibrium of forces and moments have already been caleulated. Using
Afy already calculated for WT1, yielding of the cylinder does not occur, because

5= —f;,.+n'}‘;,.+Afj,

I}

~24,918 + 7.81 x 1,028 + 6,069 = ~10,820 psi < £,y = 33,000 psi

1Where no AWWA standard number is given, the reference is to AWWA C304-99,
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Table C.3 Summary of calculations for elastic limit at invert/crown

: Cylinder  Limiting (
Limit-States Load N, M, Stress Stress Criteria
Criterion Combination (/)  (Ib-in./ ft Vg k {psi} {psi) Satisfied
Yielding of cylinder WT1 93,485 51,685 1.684 0.704 -10,840 +33,000 Yes
Tr+n'fy tAf S, WT2 66,304 51685  —0.199 0368  -16400  +33,000 Yes
FT1 87,583 56,853 1.210 0.641 -12,294 +33,000 Yes
Onset of tension in cylinder WT3 -1,646 51,685 -1917 0491 —22,973 0 Yes

Tyt n fr+Af, =0

The steel cylinder is in compression and, therefore, cannot yield in tension. The
results for the final iteration cycle for all elastic limit states at invert/crown obtained
using a computer program are summarized in Table C.3.

SECTION C.f1: ELASTIC AND WIRE-YIELD STRENGTH
LIMITS AT SPRINGLINE

Elastic limit and the wire-yield criteria at springline and the corresponding load
combinations are as follows:

References!
Criterion: Load combination:
Wire elastic limit FWT1, FWT2, FT2 Table 3
Inside core compression limit FWT1, FWT2, FT2 Tahle 3
Wire-yield limit FWT3, FWT4 Table 3

The calculational procedure for the wire elastic and yield limits and core
compression limit of 0.75 £ is similar to the previously shown procedure for
serviceability limits. The ecalculation for the wire-yleld criterion is demonstrated
below, because that criterion controls the design. The calculation procedure is shown
for Ng > Nj". Under this condition, the criterion check is performed by comparing the
moment at springline with the moment capacity at springline. The moment at
springline is computed accounting for the moment redistribution, because the
moment capacity at invert is exceeded, and moment is redistributed from invert to

springline. The computation of critical thrust at invert at cylinder yield is presented
' in Sec. C.11.2. This is required for calculating the moment capacity at invert and
moment at springline after redistribution, stated in Sec. C.11.3.

See. C.11.1 Limit State of Wire Yielding at Springline

Moments and thrusts corresponding to load combination FWT3 are calculated
using the load and pressure factors stated in Sec. 3 of the standard and the equations
stated in Sec. 4 of the standard.

Where no AWWA standard number is given, the reference is to AWWA C304-99. .
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References!

N1 = 13x6x755 (150 + 60) - 1.3 [0.3255 (6,000 + 0)
+0.1029 x 1,654 — 0.2703 x 1,764] = 121,529 Ib/tt Eq 4-4

M; = 1.3x3922[0.1247 (6,000 + 0) + 0.2157 x 1,654
+0.1208 x 1,764] = 67,202 1b-in./ft Eq 4-2

Ny = 1.3x6x755 (150 + 60) - 1.3 {0.5386 (6,000 + 0) Eq 4-5
+0.3026 x 1,654 - 0.0617 x 1,764] = 118,959 1b/ft

My = 1.3 x39.22 [0.0885 (6,000 + 0} + 0.1016 x 1,654 Eq4-3
+0.0878 x 1,764] = 43,538 Ib-in /ft

Sec. C.11.2 Critical Thrust at Invert at Cylinder Yield, Ny,

References!

When the invert is subjected to thrust alone, the tensile strain in the core at
cylinder yield is given by

+ -
e R SR YIS Tt RN

| ¥ 30 x 10°
= 1,633 x 10~

Because ¢, > £y = 1,487 x 1079, fo (—€ + Ag,,) = 0.

The strain in the prestressing wire at cylinder yield is

€ = -t +Ae, = 5364x107°4 33000+ 24918, 0o o6 Sec. 8.9.1
 80x10°

Because wire strain £ 1S greater than the strain at the elastic limit of the wire fsg 'Es
= 189,000/28 x 10° = 6,750 x 1078 the stress in the wire must be computed from the

nonlinear stress—strain relationship of the wire. Therefore, the critical thrust at
cylinder yield is

E 225
fio= fsu[l -[1 -0.6133¢, }?—j J Eq 5-7
- -6 28 x 10%%% .
fo = 252,000[1-(1-06133x 7,295 x 10 55_2,_0666) | = 198,333 psi
Ny = Aclet Ay fyy + A, f, = 65.28 x 0+ 0.7176 x 33,000
+0.565 x 198,333 = 135,739 I/t Sec. 8.9.1

1Where no AWWA standard number is given, the reference is to AWWA (C304-99.
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Sec. C.11.3 Moment Capacity at Invert and Redistributed Moment at Springline

References’

Because Np* < Ny < N,,, moment capacity at the invert My,,, Sec. 8.9.1
is calculated by linear interpolation between the moment capacity
at Ny~ and zero moment capacity at N,,.
Moment capacity at N}," at invert, M, (N, ) is equal to the Sec. 74.2
- moment capacity based on the cylinder yield at N;", but not greater
than the moment capacity based on the onset of tension in the
cylinder for the thrust calculated with zero pressure and unfactored
earth load, and pipe and fluid weights.

The calculation procedure for computing the moment capacity for a given thrust
is iterative and similar to the procedure described before for elastic limit at the
invert. For each selected trial value of 2 and vy, the stresses and strains are
computed and the equilibria of forces and moments are checked. The only difference
is that the new values of v, are determined from the condition in which the stress in
the cylinder reaches yield rather than from the equilibrium of moments equation. In
this example, in the final iteration cycle v = 17.771 and % = 0.908. Stress in the
cylinder is

References!
A
afy = wfev(1-3) Sec. 8.9.1
0.313 .
- 17771y 1 - 0:313) _
7.81x519(1 + )[ 0_908] 49,858 psi
f, = Ayp+n futAf,=-24918 + .81 x 1,028 + 49,858

= 32,869 = 33,000 psi

Moment capacity based on the cylinder yield at Ny = N7, denoted here as
Mlyy(N'k), is calculated from the sum of moments about the wire at invert:

My (N')= NI+ 30 hy —e) - Ny [(L+ X)) B = e} + M + M, Eq 8-10
+ M, + M, = 76,720 [(1 + 0.0175) x 5.5 — 2.839] — 104,389
[(1+ 0.0175) 5.5 —2.973] + 15,196 + 138,745 — 800 + 5,093
= 95,932 Ib-in/ft

where the location of the line of action of thrust, e = 2,973 in., and the moments on
the right-hand side of the equation are calculated following the procedure in Sec. C.8.

lWhere no AWWA standard number is given, the reference is to AWWA C304-99.
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The moment capacity at the onset of tension in the cylinder is calculated
similarly at pressure equal to zero with

References!
Np = —iCpie W+ W + Cppyy W, + Cuar W) Eq 4-4
= -[0.3255 (6,000 + 0) + 0.1029 x 1,654 - 0.2703 x 1,764]

= -1,646 Ib/ft

In the last iteration, when the cylinder stress reaches the onset of tension, v, = 8.247
and % = 0.569. Stress in the cylinder is

Af, = 7.81x519(1 +8.247)(1—w) ~ 16,864 psi  Sec. 8.9.1
0.560
fy = ~fytn fu+Af,=-24918 + 7.81 x 1,028 + 16,864
= 25psi=0 Sec. 8.9.1

Moment capacity, hased on onset of tension in the cylinder at N, ", denoted here
as M,,(Np"), is calculated following the above procedure for moment capacity at
cylinder yield. The result is shown below,

My,,(Ny) = 76,720 {(1 + 0.0175) 5.5 — 2.839] + Eq 8-10
1,646 [(1 + 0.0175) 5.5 — 3.216] + 42,424 +
45,982 — 45,814 + 14,602 = 272,648 1b-in./ft
Because My, (N,") < My,,(N;'), the moment capacity at N, at invert is

MyeapyNy") = 95,932 lb-in /ft.
The moment capacity at Ny is calculated by linear interpolation:

N, -N .~ _ 135739 — (121,529)
= ¥ 1 ar = : > 5 G392
Micap N, -Ny’ 1eap i) = 152759~ (104,380) 0"
= 43,483 1b-in./ft Sec, 8.9.1

Because M, > M cqp, the applied moment redistributes from invert to springline,
as follows:

My, = My+My— My, = 67,202 + 43,538 - 43,483
= 67,257 lb-in/ft Eq 4-6

Critical Thrust at Wire Yield, Ny,

References!

When the stress in the prestressing wire reaches yield, f, = 0.85 f,, and oy =
0.92883 f;,, /E, because for this value of ¢,

= = 1-(1-0.6133 x 0.92883)2%5 = 0.85 Eq 5-7
su

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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References!
foy = 0.85 f, = 0.85 x 252,000 = 214,200 psi Sec 5.6.2 (
0.92883 f..
e, = fou _ 092883 x 252, 000 _ 8,359 x 105
E; 28 x 10°
E = =gt AEsy =g t+ Esy — Lgr
= —268 x 107° + 8,359 x 10~% + 5,364 x 1079
= 13,455 x 1078 Sec. 8.9.2
Because €, > g, = 1,487 x 1075, fo (e + AEgy) = 0 Figure 2
& = =fy,+ Abgy = Tyt €y L, Sec. §.9.2
= —831x10%+8,359 x 107 _ 5364 x 1078
= 12,892 x 1078 Sec. 8.9.2
. f, 33,000 -6
Since g, > g,, = L = 2 = 1,100x107, £, = F
" E, 30x10° v
= 33,000 ps1 Figure 3
Ny = A fo+A f,+Agf,, = 65.28 x 0 + 0.7176 x 33,000
+ 0.565 x 214,200 = 144,704 1b/ft Sec. 8.9.2
Sec. C.11.5 Moment Capacity at Wire Yield (

Because N},” < Ny < N, the wire yielding criterion is not checked by comparing
the stress in the wire with its yicld strength, but the criterion is checked by
comparing the applied moment with the moment capacity at springline at wire yield.
The moment capacity at wire yicld is calculated by linear interpolation between the
moment capacity at N, and the zero moment capacity at Ny

Moment capacity at wire yield at the springline for Ny = N *, denoted here as
My (N}7), is calculated iteratively following the procedure similar to the procedure
described for the calculation of the moment capacity of cylinder yield at invert at Ny, ",
Calculations of stresses and strains are performed following the procedure of Sec.
C.9. In the last iteration, when the wire stress reaches wire-yield stress, vy = 18.745
and £ = (0,790, The strain in the wire can be checked as follows:

References!

£o = (L4 vy) g =(1+18.745) 135 x 1079 = 2,666 x 1076 Sec. 8.9.2

A _ _
hey = ew(1 + _3) = 2,666 x 10 6(1 + Mj = 2,725%10°° Sec. 8.9.2

R’ 6.790
& = Ae,- for-nfer _ 9,795 x 1076 - = 150,102 - 7.29 x 1,028 Sec. 8.9.9

s 28 x 108
= 8,357x 100 =¢,

1Where no AWWA standard number is given, the reference is to AWWA C304-99, .
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Table C.4  Summary of calculations for elastic limits and wire yield limit at springline
e

Limit-State Load Ng Mo or My, Applied Stress  Limiting Criterion

Criterion Combination  (b/ft) {lb-in. /1) vy R or Moment Value Satisfied
Wire elastic limit, FWT1 100,657 36,830 3.103 0.754 173,574 189,000 Yes
fo = fy FWT2 70,759 36,830 0197 0431 162,403 189,000 Yes
FT2 94,279 40,513 2.298 0.690 170,476 189,000 Yes
Core compression FWTi1 100,657 36,830 3.103 0,754 694 4,125 Yes
1}.‘:‘:’0‘75 . FWT2 70759 36,830  0.197  0.431 820 4,125 Yes
FT2 94,279 40,513 2.296  0.690 769 4,125 Yes

Wire-yield limit for FWT3 118,959 43,526 - — 67,238 67,997 Controls

Np> Ny, My < Moy, pyyrg 83,625 43526 1223 0579 166,357 214,520 Yes

Finally, the moment capacity at springline at No = N*, denoted here as M 2ey N3,
is calculated from the sum of moments at springline as follows:

References!

Mog, NV = =Ny [(L+ A he—el + Ny [(1+ X)) b ~el + M, + M, + M, Eq8-12
= 76,720 [(1 + 0.0175) 5.5 — 2.839] + 104,389 [(1 + 0.0175) 5.5 — 2.973]
+ 98,690 — 27,675 — 26,829 = 106,488 lb-in./ft
where the location of the line of thrust, e = 2.973 in., and the moments on the

right-hand side of the equation are calculated following the procedure in Sec. C.8.

The moment capacity at Ny, denoted here as My, (Ny), is calculated by linear
interpolation:

N_-N 144,704 — (118,959
My (Ny)= iy =iV2 ) = 184 :
25y (Vo) W, - w, M\ N = 705 (104 380) 106488

= 68,003 lb-in ./t Sec. 8.9.2

Because the applied moment at springline after redistribution is M, = 67,257
Ib-in./ft = Mo, (Ny), this critcrion is satisfied and controls the design.

The results for the final iteration cycle for all elastic-limit and wire-yield criteria
at springline obtained using a computer program are listed in Table C.4.

SECTION C.12: CORE CRUSHING AT SPRINGLINE

The limit state of core crushing at springline requires that the applied moment
at springline for the lead cembination FWT5 does not exceed the moment limit for
vltimate compressive strength of core concrete.

1Where no AWWA standard number is given, the reference is to AWWA C304-99.
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Moment and thrust at springline for the load combination FWT5 are calculated

. | ¢
References!
My = R(16C,5, W, +2Cpo, W, + 16 Cogp Wy + 1.6 Cpior Wp) Eq 4-3
= 39.22 (1.6 x 0.0885 x 6,000 + 0 + 1.6 x 0.1016 x 1,654
+ 1.6 x 0.0878 x 1,764) = 53,586 Ib-in./ft

Nz = ~(1.6 Cn2e We + 2 Cr.'.QE W! + 1.6 Cn.2p Wp + 1.6 anf Wf) Eq 4-5
= — (1.6 x 0.5386 x 6,000 + 0 + 1.6 x 0.3026 x 1,654
- 1.6 x 0.0617 x 1,764) = -5,797 1b/ft
Following the procedure given in Sec. C-11, it is shown that M < My qp and
there is no moment redistribution from invert to springline.

The location of the neutral axis is calculated by trial and error until force
equilibrium is satisfied. In the last iteration, ' = 0.4597.

Sec. C.12.1 Constants

References!
B = 085-0.05 (. 71,000 - 4) = 0.85 — 0.05 (5,500/1,000 — 4) = 0.775  Sec. 8.9.3
d = A (1+i)}=55(1+0.0175 =559 in, Figure 7

Sec. C.12.2 Strains
1

References
gy = 0.003 Sec. 8.9.3
k'~—lﬁ— 0.4597 - . 0313
1+ . 1+ 0015
s, = A2 6.008 (1+0.0175)
k 0.4597
= 992 x 1078 Sec. 8.9.3
C1-k 1-0.4597 ‘ 6
AES = thT = 0.00SW = 3,526 x 10 SGC. 89.3
€ = e — s + A% = 268 x 1075 + 5,364 x 10-5
+ 3,526 x 1078 Sec. 8.9.3

9,158 x 1076 > ¢, = fsg _ 189,000 _ 6,750 x 10°°
Es 9gx10°

'Where no AWWA standard number is given, the reference is to AWWA C304-99. .
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