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AWWA MANUAL

Chapter 1

Purpose and Scope

The use of concrete pressure pipe for conveying water and other liquids under pressure
has dramatically increased in recent years. Its rugged construction and the natural
corrosion resistance provided by embedment of the ferrous components in concrete or
cement mortar offer the design engineer solutions to a wide range of structural and
environmental problems (Figure 1-1).

The manufacture of four basic types of concrete pressure pipe are covered by the
following American Water Works Association (AWWA) standards:

ANSIJAWWA C300 Standard for Reinforced Concrete Pressure Pipe,
Steel-Cylinder Type

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

Figure 1-1 A typical installation in rugged terrain

1
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2

CONCRETE PRESSURE PIPE

ANSI/AWWA C302 Standard for Reinforced Concrete Pressure Pipe,
Noncylinder Type

ANSVJAWWA C303 Standard for Concrete Pressure Pipe, Bar-Wrapped,
Steel-Cylinder Type

Preparing pipeline project plans and specifications, however, requires many pipe-
related decisions that are not covered by the respective AWWA standards.

This manual provides supplemental information to assist engineers and design-
ers in achieving optimum field performance of concrete pressure pipelines. Informa-
tion and guidelines are provided covering hydraulics, surge pressure, external loads,
bedding, and backfilling; designing reinforced concrete pressure pipe, fittings and ap-
purtenances, thrust restraints, pipe on piers, and subaqueous installations; design
considerations for corrosive environments; transportation of pipe; trench and tunnel
installation; and other pertinent subjects.

The information in this manual is not intended to supersede, nor should be re-
garded as superseding, any portion of any AWWA standard.

NotE: This manual uses US customary units of measurement. Metric equivalents
have been added where deemed appropriate.
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AWWA MANUAL M9

Chapter 2

Description of Concrete
Pressure Pipe

Several types of concrete pressure pipe are manufactured and used in North America.
These include prestressed concrete cylinder pipe, reinforced concrete cylinder pipe, re-
inforced concrete noncylinder pipe, and concrete bar-wrapped cylinder pipe. Each type
will be discussed in this chapter. Because of their construction, some types of concrete
pressure pipe are made for a specific type of service condition; others are constructed
for a broader range of service conditions. The general description of these pipes is
based on whether or not the pipe has a full-length steel cylinder and whether it is
conventionally reinforced with deformed bar, wire, or smooth bar, or prestressed with
high-strength wire (Table 2-1). It should be noted that not all concrete pressure pipe
manufacturers make all of these types of pipe.

PRESTRESSED CONCRETE CYLINDER PIPE (ANSI/AWWA
C301-TYPE PIPE)

Prestressed concrete cylinder pipe (Figure 2-1) has been manufactured in the United
States since 1942 and is the most widely used type of concrete pressure pipe. Applica-
tions for this product include transmission mains, distribution feeder mains, water
intake and discharge lines, pressure siphons, low-head penstocks, industrial pressure
lines (including power plant cooling-water lines), sewer force mains, gravity sewer
lines, subaqueous lines (into both freshwater and salt water), and spillway conduits.
This high-strength rigid pipe has also been extensively used for conduits under small
dams, deep highway fills, and other high-earth-cover projects.

Types of Construction

Prestressed concrete cylinder pipe has the following two general types of construc-
tion: (1) a steel cylinder lined with a concrete core, or (2) a steel cylinder embedded
in a concrete core (Figure 2-1). In either type of construction, manufacturing begins
with a full-length welded steel cylinder (Figure 2-2). Joint rings are attached to each
end, and the pipe is hydrostatically tested to ensure watertightness. A concrete core
with a minimum thickness of one-sixteenth times the pipe diameter is placed either.

3
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4 CONCRETE PRESSURE PIPE

Table 2-1  General description of concrete pressure pipe

Mild
Type of ANSI/AWWA Steel Reinforcing Prestressed Design
Pipe Standard Cylinder Noncylinder Steel Wire Basis*

Reinforced C300 X X Rigid
concrete
cylinder pipe

Prestressed C301 X X Rigid
concrete
cylinder pipe

Reinforced C302 X X Rigid
concrete non-
cylinder pipe

Concrete bar- C303 X X Semirigid
wrapped
cylinder pipe

* The terms rigid and semirigid in this table and in the remainder of this manual are intended to differentiate between two design
theories. Rigid pipe does not depend on the passive resistance of the soil adjacent to the pipe for support of vertical loads; semirigid
pipe does require this passive soil resistance. The terms rigid and semirigid as used here should not be confused with the definitions
stated by Marston (1930).

by the centrifugal process, radial compaction, or vertical casting. After the coreis cured,
the pipe is helically wrapped with high-strength, hard-drawn wire using a stress of
75 percent of the minimum specified tensile strength. The wrapping stress ranges be-
tween 150,000 and 189,000 psi (1,034 and 1,303 MPa) depending on the wire size and
class. The wire spacing is accurately controlled to produce a predetermined residual
compression in the concrete core. The wire is embedded in a thick cement slurry and
coated with a dense mortar that has a high cement content.

Size Range

ANSIVAWWA C301 covers prestressed concrete cylinder pipe 16 in. (410 mm) in in-
side diameter and larger. Lined cylinder pipe is commonly available with inside di-
ameters ranging from 16 through 48 in. (410 through 1,220 mm). Sizes up to 60 in.
(1,520 mm) are available from some manufacturers. Embedded cylinder pipe larger than
250 in. (6,350 mm) in diameter has been manufactured and is commonly available with
inside diameters 48 in. (1,220 mm) and larger. Lengths are generally 16 to 24 ft (4.9 to
7.3 m), although longer units can be furnished. Shipping requirements usually restrict
the weight and length of pipe manufactured.

Design Basis

Prestressed concrete cylinder pipe has been designed for operating pressures greater
than 400 psi (2,758 kPa) and earth covers in excess of 100 ft (30 m) (Figure 2-3). The
design of this pipe is covered in ANSI/AWWA C304, Standard for Design of Prestressed
Concrete Cylinder Pipe. The design method is based on combined loading conditions
— the most critical type of loading for rigid pipe — and includes surge pressure and
live loads.
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Figure 2-1

Joints

The standard joint configuration for prestressed concrete cylinder pipe is sealed with
a round rubber gasket and steel joint rings, as shown in Figure 2-1. The spigot ring
is a hot-rolled steel shape containing a rectangular recess that holds a continuous
solid ring gasket of circular cross section. The gasket is compressed by the cylindrical

/
Rubber Gasket Steel Bell Ring

Steel Cylinder

Cement Mortar Placed in
Field or Other Protection

Prestressed concrete cylinder pipe (ANS /AWWA C301-type pipe)
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6 CONCRETE PRESSURE PIPE

Figure 2-2  Fabrication of a steel cylinder on a “helical” machine

Figure 2-3  Prestressing concrete embedded cylinder pipe

portion of the steel bell ring when the spigot is pushed into the bell. Both joint rings are
sized to close tolerances on a hydraulic press by expanding them beyond their elastic
limit. The gasket diameter and volume are closely controlled to ensure a reliable high-
pressure seal. After field assembly, the exterior joint recess is usually grouted to pro-
tect the steel joint rings, but other methods of protecting the joint rings are available.
The internal joint may or may not be pointed with stiff mortar, depending on the type
of liquid the pipe will carry and the type of protective coating applied to the joint rings
during manufacture (Figure 2-4).
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DESCRIPTION 7

Figure 2-4  Welding joint rings to cylinder

REINFORCED CONCRETE CYLINDER PIPE (ANSI/AWWA
C300-TYPE PIPL)

Prior to the introduction of prestressed concrete cylinder pipe (ANSI/AWWA C301-type
pipe) in the early 1940s, most of the concrete pressure pipe in the United States was
reinforced concrete cylinder pipe. The construction of this pipe is similar to prestressed
concrete cylinder pipe except that mild steel reinforcement is cast into the wall of the
pipe instead of prestressing with high-strength wire. The minimum wall thickness is
one-twelfth the inside diameter.

Manufacture

The manufacture of reinforced concrete cylinder pipe (Figure 2-5) begins with a hydro-
statically tested steel cylinder and attached steel joint rings. The cylinder assembly
and one or more reinforcing cages are positioned between inside and outside forms,
and the concrete is placed by vertical casting.

Size Range

Reinforced concrete eylinder pipe is manufactured in diameters of 30 to 144 in. (760 to
3,660 mm), with larger sizes limited only by the restrictions of transportation to the job
site. Standard lengths are 12 to 24 ft (3.7 to 7.3 m).

Design Basis

Design of reinforced concrete cylinder pipe is covered in chapter 7 of this manual. The
design procedure addresses external loads and internal pressures individually and in
combinations. ANS/AWWA C300 limits the reinforcing steel furnished in the cage(s)
to no less than 40 percent of the total reinforcing steel in the pipe. The maximum
loads and pressures for this type of pipe depend on the pipe diameter, wall thickness,
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Steel Spigot Ring
Cement Mortar Placed in .
Field or Other Protection

Figure 2-5 Reinforced concrete cylinder pipe (ANSI/AWWA C300-type pipe)

and strength limitations of the concrete and steel. The user should be aware that this
type of pipe can be designed for high internal pressure, but is limited in external load
capacity.

Joints

The standard joint configuration for reinforced concrete cylinder pipe, as shown in
Figure 2-5, is identical to the joint for prestressed concrete cylinder pipe and consists of
steel spigot and bell rings and a round rubber gasket. As with prestressed concrete cyl-
inder pipe (ANS/AWWA C301-type pipe), the external joint recess is normally grouted
and the internal joint space may or may not be pointed with mortar, depending on the
type of liquid the pipe will carry and the type of protective coating applied to the joint
rings during manufacture.

REINFORCED CONCRETE NONCYLINDER PIPE (ANSI/AWWA

C302-TYPE PIPE)

Reinforced concrete noncylinder pipe (Figure 2-6) is suitable for working pressures up
to 55 psi (379 kPa). Typical applications are low-pressure transmission lines used for
irrigation, industrial or domestic raw water supply and discharge lines, sanitary and
storm sewers, and drainage culverts.

Size Range and Design Basis

Reinforced noncylinder pipe is commonly furnished in diameters of 12 to 144 in.
(300 to 3,660 mm), but larger diameters can be furnished if shipping limitations per-
mit. Standard lengths are 8 to 24 ft (2.4 to 7.3 m), with ANS/JAWWA C302 limiting
the maximum length that can be furnished for each pipe size. The wall thickness is a
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Grout Joint After Steel Skirt
Installation Steel Reinforcing

Cages ]\

S ' / \ Steel Bell Ring
teel Skirt _ Cement Mortar
Steel Spigot Placed in Field or
Ring Rubber Gasket  Other Protection

A. ANSI/AWWA C302-Type Pipe With Steel Joint Rings

Steel Reinforcing
Cages

Rubber Gasket
B. ANSI/AWWA C302-Type Pipe With Concrete Joint Rings

Figure 2-6  Reinforced concrete noncylinder pipe (ANSI/AWWA C302-type pipe)

minimum of one-twelfth the inside diameter. The design of reinforced concrete
noncylinder pipe is covered in chapter 7 of this manual. The maximum working pres-
sure is limited by ANSVAWWA C302 to 55 psi (379 kPa).

Joints

The standard joints for reinforced concrete noncylinder pipe are illustrated in Figure
2-6. The joint details are conceptual only and may vary based on design conditions and
requirements. As with both reinforced and prestressed concrete cylinder pipe, these
joints incorporate a continuous, round, solid rubber ring gasket placed in a spigot
groove and compressed by the bell surface. However, the bell and spigot ends of rein-
forced concrete noncylinder pipe may be steel joint rings or formed concrete surfaces.
It is recommended that the pressure sealing capacity of gasketed concrete joints be
verified by testing the joint. It is also recommended that the structural capacity of con-
crete joints to withstand the installation and field loads be verified. If steel joint rings
are used, as shown in Figure 2-6A, the grouting procedures are the same as described
previously for prestressed concrete cylinder pipe and reinforced concrete cylinder pipe
(ANSI/AWWA C301- and C300-type pipe, respectively). Concrete joints, as shown in
Figure 2-6B, are normally not grouted.
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Manufacture

Manufacture of reinforced concrete noncylinder pipe begins with the fabrication of one
or more reinforcing cages (depending on pipe size and wall thickness) and the fabri-
cation of steel joint rings if that type of joint is used. The cages may be fabricated of
smooth or deformed reinforcing bars, wire, or wire fabric. When concrete is to be placed
by the vertical casting method, cages and joint rings are positioned between inner and
outer steel forms. When concrete is to be placed by the centrifugal process, cages are
positioned with respect to the outer form, and the entire assembly is rotated at high
speed while the concrete is placed.

CONCRETE BAR-WRAPPED CYLINDER PIPE (ANSI/AWWA
C303-TYPE PIPE)

Concrete bar-wrapped cylinder pipe (Figure 2-7) is manufactured in Canada and in
the western and southwestern areas of the United States. It is normally available in
diameters of 10 to 72 in. (250 to 1,830 mm), although larger diameters can be manufac-
tured. Standard lengths are generally 24 to 40 ft (7.3 to 12.2 m). Typical applications
are cross-country transmission mains, distribution feeder mains, sewer force mains,
water intake and discharge lines, and plant piping.

Manufacture

Manufacture of concrete bar-wrapped cylinder pipe begins with a fabricated steel
cylinder with joint rings, which is hydrostatically tested (Figure 2-8). A cement—
mortar lining is placed by the centrifugal process inside the cylinder. The nominal
lining thickness is % in. (13 mm) for sizes up to and including 16 in. (410 mm), and
34 in. (19 mm) for larger sizes. After the lining is cured, the cylinder is wrapped with
a smooth, hot-rolled steel bar, using moderate tension in the bar. The size and spacing
of the bar, as well as the thickness of the steel cylinder, are proportioned to provide
the required pipe strength. The cylinder and bar wrapping are covered with a cement
slurry and a dense mortar coating that is rich in cement.

Joints

The standard joint configuration shown in Figure 2-7 includes steel joint rings and
a continuous, round, solid-rubber ring gasket. The exterior joint recess is normally
grouted, and the internal joint space may or may not be pointed with mortar, depend-
ing on the type of liquid the pipe will carry and the type of protective coating applied
to the joint rings during manufacture.

Design Basis

The design procedure for concrete bar-wrapped cylinder pipe is presented in chap-
ter 7 of this manual. This procedure is based on flexible pipe theory in which in-
ternal pressure and external load are considered separately but not in combination.
Bar-wrapped cylinder pipe has been designed for operating pressures exceeding
400 psi (2,758 kPa). Several pipelines in Arizona and Colombia (South America) have
been designed for pressures greater than 400 psi (2,758 kPa). Because the theory of
flexible pipe design for earth loads is based on the passive soil pressure adjacent to
the sides of the pipe, the design must be closely coordinated with the installation
conditions.
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Rod Reinforcement

Grout Joint After Steel Bell Ring
Installation

/ Cement — Mortar Coating

Cp ol R R BRI
Steel Spigot Ring / T Steel Cylinder
Mortar or Concrete Lining Cement Mortar Placed in
Field or Other Protection
Rubber Gasket

Figure 2-7  Concrete bar-wrapped cylinder pipe (ANSI/AWWA C303-type pipe)

Figure 2-8  Steel cylinder being hydrostatically tested on a mandrel-type tester

FITTINGS AND SPECIAL PIPE

All concrete pressure pipe manufacturers make a wide variety of fittings and special
pipe, including bends (elbows), tees, wyes, crosses, manifolds, reducers, adapters, wall
sleeves, closures, bulkheads, bevel pipe, and service outlets (Figure 2-9). Adapters
and outlets are available to connect to all types of joints, including flanged, threaded
(standard or Mueller), plain end (for mechanical coupling or field welding to steel
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Source: Hanson Pressure Pipe

Figure 2-9

Installation of a large-diameter wye with reducer attached

pipe), iron pipe (bell or spigot for leaded joints), Victaulic, and various mechanical
joints. Chapter 8 of this manual addresses the typical types of fittings that are manu-
factered and the basis of fittings design.

Special Pipe

A special pipe is usually defined as a pipe in which the basic construction is the same
as the standard pipe (prestressed cylinder, reinforced cylinder or noncylinder, or bar-
wrapped cylinder), but contains some modification, such as an outlet or a beveled joint
ring. Many types of outlets and beveled pipe can be furnished more economically in
a special pipe than by using a fitting. Beveled pipe is manufactured with a joint ring
that is deflected at a slight angle (up to 5° maximum). An individual beveled pipe or
a series of beveled pipe can be used to deflect a line vertically or horizontally to avoid
obstructions in the right-of-way, or a series of beveled pipe can be used to form a long
sweeping curve to eliminate the need for a bend-and-thrust restraint. Most manufac-
turers make beveled pipe with more than one angle of deflection, which, together with
standard lengths, provide many layout possibilities for offsets and curves without the
use of bends. Beveled adapters (sections of beveled pipe with laying lengths generally
less than 1 ft {305 mm]) are stocked by most manufacturers for contractors to use for
deflections around unanticipated obstacles.

REFERENCE

Marston, A. 1930. The Theory of
External Loads on Closed Conduits
in the Light of Latest Experiments.
Bulletin 96, Iowa State Engineer-
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University.
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Chapter 3

Hydraulics

This chapter provides formulas and guidelines to aid in the hydraulic design of con-
crete pressure pipe. The three formulas typically used to determine pipeline capacity
are presented and compared. Factors that contribute to the decrease with age of pipe-
line carrying capacity are also described. The methods used to determine minor and
total head losses are presented, as well as the methodology for determining an eco-
nomical pipe size. Throughout this chapter, discussions will be limited to combinations
of pipe sizes and flows that provide a range of velocities and diameters most commonly
used with concrete pressure pipe.

FLOW FORMULAS

The formulas commonly used to determine the capacity of pipelines are the Hazen—
Williams formula, the Darcy—Weisbach formula, and the Manning formula. Many other
flow formulas may be found in technical literature, but these three are most frequently
used. It is impossible to say that any one of these formulas is superior to the others
for all pipe under all circumstances, and the reader is cautioned not to expect identical
answers to a problem from all three formulas. Judgment must be used when selecting
a flow formula and the roughness coefficient for a particular hydraulies problem.

The Hazen—Williams Formula

The empirical Hazen—Williams formula is probably the most commonly used flow for-
mula in the waterworks industry. The basic form of the equation is

V=1318C,R*¥S%* (Eq3-1)
Where:

V = velocity, ft/sec
C, = Hazen-Williams roughness coefficient
R = hydraulic radius, ft, which is the cross-sectional area of

the pipe divided by the wetted perimeter, i.e., for circular

pipe flowing full, the internal diameter in feet divided by 4
S = slope of the hydraulic grade line, ft/ft calculated as A, /L, where

h, equals head loss in feet occurring in a pipe of length L in ft

13
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14  CONCRETE PRESSURE PIPE

For circular conduits flowing full, the equation becomes

V =0.550C,d*(h /L)% (Eq 3-2)
Where:
V = velocity, ft/sec
C, = Hazen-Williams roughness coefficient
d = inside diameter of the pipe, ft
h, = head loss, ft
L = pipe length, ft

Table 3-1 lists the various forms of the Hazen—Williams formula. Figures 3-1 and
3-2 show the hydraulic grade line, head losses, and static grade line for gravity and
pumped flow systems.

A detailed investigation of the available flow test data for concrete pipe was per-
formed by Swanson and Reed (1963), who concluded that the Hazen—Williams formula
most closely matches the test results for the range of velocities normally encountered
in water transmission. A statistical analysis of Swanson and Reed’s test data led to the
development of the following equation for determining C,:

C, = 139.3+2.028d (Eq 3-3)
Where:
C, = Hazen-Williams roughness coefficient
d = inside diameter of pipe, ft

Table 3-2 compares theoretical Hazen—Williams C, values using Equation 3-3 to
tested values for 67 tests reported by Swanson and Reed.

Equation 3-3 can be used to calculate a C, value for any size pipe; however, for
design purposes the following conservative values are suggested:

Diameter, in. C, Value
16 to 48 140
54 to 108 145
114 and larger 150

Table 3-1  Various forms of the Hazen-Williams formula

Velocity, Flow Rate,
In Terms of: fos cfs
General equation V = 0.550C,d"%(h, /L)** Q = 0.432C, d*®(h /L)**
Head loss, ft h, = 3.021(L/d")(V/C, )1 # h, = 4.726(L/d*¥)(Q/C )***
Pipe diameter, ft d = 2.580(V/C )" (L/h )5 d = 1.376(Q/C)***(L/h )**®
Pipe length, ft L = 0.331h d"15(C /V)52 L = 0.212h,d**" (C,/Q)'**
Roughness coefficient C, = 1L.817(V/d* ) (L/h, )*™ C, = 2.313(/d**)(L/h,)*>
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Table 3-2  Comparison of theoretical Hazen-Williams C, values to tested C, values*

Sample Diameter C, C, Percent of
Number in. Measured Theoretical Theoretical

1 24.0 145.0 1434 101.1

2 30.0 147.0 144.4 101.8

3 30.0 145.0 144.4 1004

4 31.5 147.0 144.6 101.6

5 31.8 152.0 144.7 105.1

6 36.0 143.0 1454 98.4

7 36.0 150.0 1454 103.2

8 36.0 141.5 1454 97.3

9 36.0 142.5 145.4 98.0
10 36.0 150.0 1454 103.2
11 39.0 147.0 145.9 100.8
12 42.0 147.5 146.4 100.8
13 42.0 142.0 146.4 97.0
14 42.0 149.0 146.4 101.8
15 42.0 149.0 146.4 101.8
16 42.0 142.0 146.4 97.0
17 42.0 147.0 146.4 100.4
18 46.0 144.0 147.1 97.9
19 48.0 146.0 1474 99.0
20 48.0 150.56 1474 102.1
21 48.0 144.0 147.4 97.7
22 51.0 142.0 147.9 96.0
23 54.0 152.0 148.4 102.4
24 54.0 141.0 148.4 95.0
25 54.0 140.5 148.4 94.7
26 60.0 145.5 149.4 97.4
27 60.0 152.5 149.4 102.0
28 46.0 148.5 147.1 101.0
29 54.0 150.0 148.4 101.1
30 36.0 138.0 145.4 94.9
31 36.0 137.0 145.4 94.2
32 36.0 142.0 145.4 97.7
33 48.0 149.0 147.4 101.1
34 54.0 151.5 148.4 102.1
35 54.0 145.0 148.4 97.7
36 54.0 146.0 148.4 98.4
37 54.0 147.5 148.4 99.4
38 60.0 147.0 149.4 98.4
39 60.0 154.0 149.4 103.1
40 60.0 156.0 149.4 104.4
41 60.0 143.5 149.4 96.0
42 66.0 142.0 150.5 94.4
43 48.0 156.5 1474 106.2
44 48.0 152.0 147.4 103.1
45 48.0 149.5 1474 101.4
46 48.0 153.5 1474 104.1
47 54.0 154.0 148.4 103.8
48 54.0 155.5 148.4 104.8
49 54.0 151.0 148.4 101.7
50 54.0 152.0 1484 102.4

Table continued next page.
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Table 3-2 Comparison of theoretical Hazen-Williams C, values to tested C, values* (continued)
Sample Diameter C, C, Percent of
Number in. Measured Theoretical Theoretical

51 54.0 143.0 1484 96.3
52 72.0 154.0 151.5 101.7
53 12.0 145.0 141.3 102.6
54 18.0 147.0 142.3 103.3
55 20.0 134.0 142.7 93.9
56 24.0 143.5 143.4 100.1
57 30.0 141.0 144.4 97.7
58 30.0 143.0 144.4 99.1
59 33.0 147.0 144.9 101.5
60 33.0 146.0 144.9 100.8
61 33.0 146.0 144.9 100.8
62 36.0 134.0 145.4 92.2
63 314 138.0 144.6 954
64 36.0 147.0 1454 101.1
65 36.0 150.0 145.4 103.2
66 41.9 150.0 146.4 102.5
67 42.0 150.0 146.4 102.5

* The theoretical values were calculated using Eq 3-3 and the test values are from Swanson and Reed (1963).

These values are applicable to concrete pipelines in which the fitting losses are a
minor part of the total loss and to pipelines free from deposits or organic growths that
can materially affect the pipe’s carrying capacity.

The Darcy—Weisbach Formula

An alternative to the Hazen—Williams formula is the Darcy—Weisbach formula,

which is
1Vv?
h, = J;_zg_ (Eq 3-4)

Where:

h, = head loss, in feet of water

f = Darcy friction factor

L = pipeline length, ft

V = velocity, ft/sec

d = inside diameter of the pipe, ft

g = gravitational constant, 32.2 ft/sec?
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Figure 3-3  The Moody diagram for friction in pipe
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The Darcy friction factor (f) can be determined from the Moody diagram, pre-
sented in Figure 3-3. To use this diagram, the Reynolds number (R ) and the relative
roughness (e/d) must first be calculated. Both terms are defined in the paragraphs
that follow.

The Reynolds number is a function of the flow in the pipe and may be
calculated as

R.=4 (Eq 3-5)
Where:
R, = Reynolds number
d = inside diameter of the pipe, ft
V = velocity, ft/sec
v = kinematic viscosity of the fluid, ft¥sec

The kinematic viscosity of water at various temperatures from freezing to boiling
is presented in Table 3-3.

The relative roughness (e/d) of a pipe is a function of the absolute roughness (e)
of the interior surface of the pipe and the pipe diameter (d). Values of the absolute
roughness (e) for concrete pipe range from 8.0 x 107 to 7.5 x 10, and the recommended
design range is 3.5 x 10 to 4.0 x 10 Once the Reynolds number and the relative
roughness are determined, the Moody diagram (Figure 3-3) can be used to determine
values of the Darcy friction factor (f), which may then be used to solve the Darcy—
Weisbach formula.

If an analytical solution for the Darcy friction factor () is preferred, it may be
obtained by iteration from the Colebrook—-White equation:

1 e 2.51
— =-2 lOglo 557 + (Eq 3-6)
G TR [f
Where:
f = Darcy friction factor
e = absolute roughness, ft
d = inside diameter of the pipe, ft
R, = Reynolds number
Table 3-3  Kinematic viscosity of water
Temperature, °F Kinematic Viscosity (v), ft%s
32 1.931 E-05
40 1.664 E-05
50 1.410 E-05
60 1.216 E-05
70 1.059 E-05
80 09.30 E-06
90 08.23 E-06
100 07.36 E-06
120 06.10 E-06
150 04.76 E-06
180 03.85 E-06
212 03.19 E-06
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The Manning Formula

The Manning formula is more commonly used to determine the flow in partially filled
gravity lines; however, it can be used for fully developed flow in conduits. The basic
form of the equation is

V=1.486R*S"*/n,, (Eq 3-7)
Where:

V = velocity, ft/sec
R = hydraulic radius, in feet, which is the cross-sectional area of

the pipe divided by the wetted perimeter (e.g., for circular

pipe flowing full, the internal diameter divided by 4)
S = slope of the hydraulic grade line, ft/ft
n, = Manning roughness coefficient

For pressure flow in round conduit, this equation becomes

V=(0.590d°/n,) (h,/L)*® (Eq 3-8)
Where:
V = velocity, ft/sec
n,, = Manning roughness coefficient
d = inside diameter of the pipe, ft
h, = head loss, in feet, occurring in a pipe of length L, ft

For concrete pressure pipe, the value for the Manning roughness coefficient n,,
should be approximately 0.011 when the velocity is 3 ft/s and 0.010 when the velocity
is 5 ft/s.

EFFECTS OF AGING ON CARRYING CAPACITY

The carrying capacity of concrete pressure pipe is usually not affected by age. However,
some aggressive waters can roughen the lining surface, and there are several organic
growths and some types of deposits that reduce the carrying. capacity of pipe of any
material, including concrete pressure pipe. These conditions are often associated with
raw water transmission mains and can generally be prevented by chemical pretreat-
ment. If left unchecked, however, excessive growths or deposits can develop. When this
occurs, chemical treatment may not be adequate to remove the deposits if they have
achieved a substantial buildup. In these cases, the growths or deposits can be removed
by scraping or pigging the line. Industry has not witnessed deterioration of the mortar
or concrete lining as a result of growths or deposits.

HEAD LOSSES

The total head loss in a pipeline is the sum of minor losses due to changes in flow geom-
etry added to the head loss created due to the friction caused by flow through the pipe.
The head loss caused by pipe friction may be determined from the formulas already
presented. The calculation procedure for determining minor losses is presented in the
following section. A method to easily include minor losses with frictional losses to sim-
plify pipe selection calculations is also presented.

Copyright (C) 2008 American Water Works Association All Rights Reserved



HYDRAULICS 21

Minor Losses

Minor losses in pipelines are caused by turbulence resulting from changes in flow
geometry. Minor losses, which are generally expressed as a function of the velocity
head, will occur at entrances, outlets, contractions, enlargements, bends, and other
fittings. In long pipelines, the minor losses are usually small compared to losses from
pipe friction and may be neglected; however, in shorter lines or plant piping, these
minor losses may become significant. The formula for calculating minor losses is

h, =C,V¥(2g) (Eq 3-9)
Where:
h, = headloss, ft
C, = adimensionless coefficient
V = velocity, ft/sec
g = gravitational constant, 32.2 ft/sec?

Figure 3-4 presents values of C, for common flow configurations.

Equivalent Length Method

Each minor head loss in a piping system can be expressed in terms of an equivalent
length of pipe L,. This equivalent length of pipe is the number of feet of straight pipe
that would have friction head loss equal to the minor losses created by the fitting.
Table 3-4 lists the equivalent length formulas that correspond to the flow formulas
presented earlier.

DETERMINING AN ECONOMICAL PIPE DIAMETER

To determine the most economical pipe diameter, the first cost (purchase cost plus
installation cost) must be compared to the pumping cost incurred during the design
life of the pipe. While a greater diameter pipe will result in a greater first cost, the re-
duced head loss will lead to a lower pumping cost and provide capacity for subsequent
increased flow. These costs should be determined for a number of pipe sizes and the
results compared in order to select the pipe size that provides the lowest total cost dur-
ing the life of the line.

Experience has shown the most cost-effective water pipe diameter will usually
yield design flow velocities in the range of 3 to 6 ft/s (0.9 to 1.8 m/s). Therefore, it is
generally best to restrict pipe size evaluations to diameters that will deliver the re-
quired volume of water at a velocity between 2 and 7 ft/s (0.6 and 2.1 m/s), although
in some rare circumstances involving short pipeline length, it may be cost effective to
use velocities approaching 10 ft/s (3.0 m/s). The inside diameter of pipe for various flow
velocities can be determined from

d = (1.270/V)* (Eq 3-10)
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Figure 3-4  Approximate loss coefficients for commonly encountered flow configurations
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Table 3-4  Equivalent length formulas

Friction Formula Equivalent Length Formula

3 . 1.852
Hazen-Williams Le = 033 1CL w

28
Darcy-Weisbach L, =C,@/f
dlﬂ]]
Manning L, =0348C, ———
2¢ ()

Norte: Definition of variables:
L = length of pipe that would have a frictional head loss equal to the minor loss created by fitting, ft

€

C, = loss coefficient
V = velocity, ft/sec
d = inside diameter of the pipe, ft
C, = Hazen—Williams roughness coefficient
g = gravitational constant, 32.2 ft/sec?
f = Darcy friction factor
n,, = Manning roughness coefficient
Where:

d = inside diameter of the pipe, ft
Q = flow rate, ft¥/sec
V = flow velocity, ft/sec

For each pipeline diameter to be evaluated, minor losses should be converted to
equivalent lengths of pipe as outlined in the preceding section, and the friction head
should be calculated from one of the flow equations presented earlier. As an example,
the Hazen—Williams formula, in the following form, can be used to calculate total head
loss for the sum of actual pipe lengths and equivalent lengths:

h, =(4726L"/d*¥°)(Q/C,)"*" (Eq 3-11)
Where:
hf = total head loss, ft
d = pipe diameter, ft
L’ = the actual length of the pipeline (L) plus the sum of the
calculated equivalent lengths (L,), ft
Q = flow rate, ft¥/sec
C, = Hazen—Williams roughness coefficient
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The power required to overcome the total head loss may be determined from

P =(0hy)/550 (Eq 3-12)
Where:
P = pump power requirements, hp
Q@ = flow rate, ft¥/sec
hf = total head loss, ft
Y = unit weight of the fluid, 1b/ft3; for water at

50°F, y = 62.41 Ib/ft*

The preceding equations for total head loss and power requirements may be combined

to yield the following equation for the annual pumping power cost relative to frictional
head:

(0.745 X P, X power cost X hours/year)

Cost year (pump eff. X motor eff.) (Fa3-139)
Where:
Cost/year = pumping power cost per year, $
P, = pump power requirements, hp

power cost = power cost, $/kW-h
hours/year = number of hours per year of pump operation

pump eff. = the pump efficiency, expressed as a decimal

motor eff. = the motor efficiency, expressed as a decimal

It should be noted that the cost calculated using the preceding formulas is the
cost of power required to overcome total head loss and does not include the cost of
pumping required to overcome changes in elevation. Since the elevation change will be
the same for all pipe diameters being evaluated, it can be ignored in the comparison of
pipe diameters. If the designer desires to graphically present the hydraulic grade line
for one or more of the pipe diameters to calculate total head or to calculate the total
annual power cost, then the static head should be combined with the frictional head,
and the sum of the two should be used in the preceding equations.

When selecting pipe diameters based on the preceding formulas, it is important
that the designer consider both average annual pumping conditions and peak pump-
ing conditions. The annual power cost equation, if used in conjunction with the peak
pumping rate, will lead the designer to select a diameter that is larger than needed. In
addition, the designer must consider that power factors or demand charges affect the
rates paid for power and that power costs will increase with time. Therefore, it may be
prudent to select an escalation rate so that a realistic comparison between the first cost
of the pipe and the long-term pumping costs may be equitably made.
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AIR ENTRAPMENT AND RELEASE

Air entrapment in poorly vented pipelines can reduce pipeline carrying capacity, cause
unexpected pressure surges, and produce objectionable “white water.” The following
three conditions must exist before air binding presents a serious problem:

¢ There must be a source of air in excess of that normally held in solution in the
flow.

¢ The air must separate from the water and collect at high points or descending
legs.

¢ The collected air must remain near the high points or in the descending legs.

It is desirable to vent high points and/or descending legs on transmission mains
with automatic air-release valves to relieve this condition. Improperly sized air-release
valves can contribute to surge pressure conditions as described in chapter 4.

BLOWOFF OUTLETS

Blowoffs may be located at low points in the profile of a pipeline. They are mainly used
to drain lines for maintenance or inspection. Occasionally, blowoffs are used to remove
silt or sediment from a line. If there is the possibility of backsiphoning contaminated
water into water transmission mains, the outlet for blowoff discharge piping should
be elevated. Blowoffs should generally be sized so the main pipeline velocity change is
limited to 1 ft/s (0.3 m/s) or less during blowoff operation.
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Chapter 4

Surge Pressure

Surge pressure is the result of a change in fluid velocity in a closed conduit. This change
in flow causes waves to travel upstream and downstream from the point of origin. The
waves, in turn, cause increases or decreases in pressure as they travel along the line.
These pressure changes are variously referred to as water hammer, surge, or transient
pressure.

Surge pressure or water hammer is independent of the internal working pressure
created by the fluid in the line and is proportional to the velocity change and wave
speed. Therefore, surge pressure must be added to the internal working pressure to
determine the total pressure experienced by the pipe when surges occur.

The phenomenon of water hammer is extremely complex and cannot be covered
in depth in this manual. Only the fundamentals of elastic wave theory and specific
data pertaining to the properties of concrete pipe are discussed. For a more detailed
understanding of water hammer, the references listed at the end of this chapter should
be consulted.

EQUATIONS AND VARIABLES

The critical time period T, for a piping system is the time required for a transient wave
to travel in the piping system to a point of reflection and return to the point of origin.
The value of T, may be determined from

T.=2L/a (Eq 4-1)
Where:
T, = critical time period, sec
L = the distance that a transient wave travels in the piping
system between its origin and reflection point, ft
a = wave speed, ft/sec

The term critical period is used because the change in flow velocity, which oc-
curs in a time period equal to or less than 7, will cause the maximum pressure rise
for a particular surge event. The pressure rise from a fluid velocity change occurring
within the critical period is illustrated in Figure 4-1. Pressure waves from changes

27
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Initial Energy - Grade Line L —_..I
(Frictionless System)

s e T

Hy ol

a = Surge Wave

Speed
h = Pressure Change Due to Sur
Controlled Check Valve V; = Initial Velocity S

A. One-Pipe System at Pump Shutdown B. Negative Pressure Wave Travels Down Pipeline
Until L/a Seconds

C. System Condition at L/a Seconds D. System Condition Between L/a and 2L/a Seconds

E. System Condition at 2L/a Seconds—Assume Valve  F. System Condition at 2L/a and 3L/a Seconds
Closes Instantaneously
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o 2 4 6 B f0L 12 14
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G. System Condition Between 3L/a and 4L/a Seconds H = Initial Head at Given Point on the Pipeline

H. Pressure Versus Time For Pipeline

NoTe: While the surge wave duration is shorter near the reservoir, the magnitude of the surge wave is the same throughout the
line. The magnitude of the surge wave at any station on the line is not related to the operating pressure at that station when the
surge occurs.

Figure 4-1  Idealized surge cycle for instantaneous pump shutdown
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in velocity occurring over longer time periods will be reduced by molecular frictional
losses and by overlapping with the lower pressure troughs of returning surge waves.

The pressure rise from a change in fluid velocity occurring within the critical time
period is calculated from

H=a(V,-V)/g (Eq 4-2)

H =  pressure rise due to surge, ft

a =  wave speed, ft/sec

V. = initial fluid velocity, ft/sec

Vf = fluid velocity at time ¢ = T, ft/sec
g =  gravitational constant, 32.2 ft/sec?

If flow is completely stopped in ¢ < T, seconds, V, is equal to zero and the formula
reduces to

H =92 (Eq 4-3)

Where:
V = initial fluid velocity, ft/sec
and the other variables are as previously defined.

The maximum surge pressure that will be encountered by a line is a function of
the maximum velocity that can be achieved by the system and the wave speed associ-
ated with the piping material. The maximum pressure surge will occur in situations
in which flow is moving at the maximum velocity and is stopped by the closing of a
quick-acting valve, the failure of the pump, or other actions that could stop the flow in
a time that is less than the critical time 7. The speed of the surge wave in a pipeline
is determined by the type and thickness of the material from which the pipeline is con-
structed, the pipeline diameter, and the liquid being transported by the line.

The wave speed a of a hydraulic transient may be determined from the following
formula:

144E,1p)|”
LT;;) (Eq 4-4)

E t

P

1+

Where:

= wave speed, ft/sec
. = bulk modulus of the liquid, psi (300,000 psi for water)
mass density of the fluid, 1b-s%ft* (1.94 1b-s%ft* for water)
inside diameter of the pipe, in.
modulus of elasticity of the pipe wall, psi
transformed pipe wall thickness, in.

I Q

-y
1
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For water, (144E,/p)*5 = 4,720 ft/s, and Eq. 4-4 becomes

4,720

0.5
14 EL (Eq 4-5)
E,t

with variables as previously defined.
Because concrete pressure pipe is a composite structure, the solution of this equa-

tion is not straightforward. The modulus of elasticity of the pipe wall E, is derived
from the slope of the stress—strain.curve of pipe wall material. These curves for con-
crete pressure pipe change in slope over the possible ranges of pressure the pipe may
encounter. Kennison (1955) published a detailed explanation of this theory along with
theoretical values and experimental results.

Calculated values of the surge wave speed for various types and classes of con-
crete pressure pipe range from 2,950 to 4,000 ft/sec (899 to 1,219 m/sec). Design values
for different types of concrete pressure pipe are listed in Table 4-1. In piping systems
where gas bubbles are dispersed throughout the liquid, the wave speed may be greatly
reduced. The reader is referred to Wylie and Streeter (1983) for a more detailed expla-
nation of this phenomenon.

NEGATIVE PRESSURES

The conditions that produce pressure rises from water hammer also cause a reduction
in pipeline pressure when the pressure wave reflects at a boundary. These pressure
reductions, if large enough in magnitude, will result in negative pressures in all or
part of the piping system. However, because of the inherent structural qualities of the
concrete pipe wall, concrete pressure pipe does not collapse from negative pressures
and does not require the special design considerations necessary to guard flexible pipe
against collapse as a result of negative pressures.

If the pressure becomes lower than the vapor pressure of water, extensive vapor
cavities may result. The subsequent positive surge pressures that result from the col-
lapse of the vapor cavity can be extremely high. Pipeline high points are particularly
susceptible to vapor cavity formation, and, therefore, vacuum-release valves are fre-
quently installed at such locations. A surge tank or hydropneumatic chamber can also
be used to prevent vapor cavity formation.

CAUSES OF SURGE PRESSURE

Water hammer can result from any condition that causes a sudden change in the flow
rate of the fluid in the pipeline. The following is a partial list of the causes of water
hammer:

¢ normal pump startup and shutdown

* pump power interruption

* valve operations

® air venting from pipeline during filling

* improper operation of pressure-relief valves

® operation of large-orifice air and vacuum valves

¢ collapse of vapor cavities caused by negative pressures
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Table 4-1  Design values—surge wave velocities, ft/sec (m/sec)

Pipe Class, psi (kPa)

AWWA Description 100 (689) 150 (1,034) 200 (1,379)
Prestressed concrete Lined 3,600-3,750 (1,067-1,143) 3,400-3,7756 (1,036-1,1561) 3,350-3,850 (1,021-1,173)
pressure pipe, steel cylinder
cylinder type (ANSI/

AWWA C301-type Embedded 3,025-3,625 (922-1,105) 3,000-3,650 (914-1,113) 2,975-3,6756 (907-1,120)
pipe) cylinder

Concrete water pipe, 3,175-3,876  (968-1,181) 3,325-3,925 (1,013-1,196) 3,450-3,975 (1,0562-1,211)
bar-wrapped steel

cylinder type (ANSI/

AWWA C303-type pipe)

CONTROL

Pump startup and shutdown, pump power failure, and valve operations are some-
times the only operational situations investigated to determine the magnitude of water
hammer. Pipeline filling and operation of its pressure-relief valves are occasionally
overlooked water hammer sources that should be considered.

During pipeline filling, air in the line may escape through some type of a control
structure (e.g., an air-release or discharge valve). The viscosity of air is much less than
water, so air can escape at a high rate through the air-release valves, allowing the
water to enter the pipeline at an equal rate. Air-release valves generally have a float
valve that snaps shut instantaneously when all of the air has been released. Depend-
ing on the physical characteristics of the system, the magnitude of the velocity change
can result in very high surge pressure. In most cases, pipeline surge-pressure damage
will not occur if line filling is performed at a rate of flow equivalent to a full pipe veloc-
ity of 1 ft/sec (0.3 m/sec) or less.

The operation of a pressure-relief valve may cause water hammer. When the sys-
tem becomes overpressured, the valve is designed to open and relieve line pressure by
releasing fluid from the pipeline. Most relief valves are quick opening but close at a
controlled rate. If the size of the valve is large in comparison to the pipeline size and
is improperly adjusted, or if the valve closure rate setting is not correct (especially in
pipelines during the testing phase), the quick action of the relief valve may cause a
sudden and extreme change in fluid velocity, thus creating water hammer.

OF WATER HAMMER

Studies of surges should be conducted during the pipeline design stage. Once the gen-
eral layout of the system has been completed, the length, diameter, thickness, material,
and capacity of the pipe and the type and size of pumps can be established.

When analyzing surges, the designer generally first computes the hydraulic
grade line for the ultimate operating mode of the system. The maximum working pres-
sure at any point along the line is determined as the difference in elevation between
the hydraulic grade line and the pipeline. Then, using the maximum volume of flow
the pumping system can discharge or is expected to be able to discharge in the future,
the maximum velocity is computed for the selected pipe diameter. Calculating surge
pressure based on instantaneous stoppage of this flow will yield the maximum surge
the system can expect to experience if the pipeline is designed without surge controls
and if vapor cavity formation is prevented.

Concrete pressure pipe designs provide an allowance for water hammer that is
generally adequate, but the design should be checked to be sure the pipe design pro-
vides an adequate allowance for surge. If not, either the pipe design should be ad-
justed to provide enough surge allowance to withstand the conditions that might be
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encountered or suitable remedial or control devices should be provided. The latter
method is almost always less costly. It is important to note that there is no single
device that will cure all surge difficulties. Only by a study of both normal operating
conditions and possible emergency conditions can methods be determined to provide
proper control.

It is not feasible to make general recommendations on the type, size, and appli-
cation of surge-control equipment for all systems. Several possible solutions should
be considered for any individual installation, and the one selected should be the one
that gives the most protection for the least expenditure. Surges can often be reduced
substantially by using bypasses around check valves, by cushioning check valves for
the last 15-20 percent of the stroke, or by adopting a two-speed rate of valve stroke.
Water hammer resulting from power failure to centrifugal pumps can sometimes
be held to safe limits by providing flywheels or by allowing the pumps to run back-
ward, as long as (1) the reverse pump flow does not produce motor backspin speed
greater than recommended by the motor manufacturer, and (2) the motor cannot be
reenergized during backspin. Otherwise, the electric motor coupling should be de-
signed to automatically disengage if pump backspin is permitted. Air-inlet valves may
be needed, or the preferred solution may be to use a surge tank, a surge damper, or a
hydropneumatic chamber.

It is essential to coordinate all the elements of a system properly and to ascertain
that operating practices conform to the requirements for safety. As changes take place
in the system demand, it may be necessary to review and revise the surge conditions,
particularly if the capacity is increased, additional pumpage or storage is added, or
booster stations are planned.

The surge wave theory has been proven in actual practice, and design engineers
should take the initiative in making surge studies and installing surge-control devices
without waiting for serious failures to occur. The time and effort spent on a surge study
in advance of the final design is the least expensive means of avoiding problems from
excessive surge pressures.
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Chapter 5

External Loads

This chapter provides information and methods to determine dead loads imposed on
a conduit that is constructed in a trench or an embankment, as well as jacked or tun-
neled installations. Information and methods are also presented to determine live
loads resulting from highway truck traffic and railways.

Many people have contributed to the development of associated load and support-
ing strength theories, but the basic load theory is rightly recognized as the Marston
theory. The following presentation is based primarily on the results of studies made by
the Engineering Experiment Station of Iowa State University, many of them in coop-
eration with the Public Roads Administration.

The Marston Theory of Loads on Underground Conduits demonstrates by
rational principles of mechanics that the load on an underground structure is greatly
affected by conditions of installation, as well as by the weight of fill over the conduit.
The installation conditions determine the magnitude and direction of settlements of
the prism of soil directly over the conduit relative to the settlements of the exterior
prisms immediately adjacent. These relative settlements generate friction or shearing
forces that are added to or subtracted from the weight of the central prism to produce
the resultant load on the conduit.

MAJOR INSTALLATION CLASSIFICATIONS

Because of the influence of these installation conditions and the importance of recog-
nizing them when determining loads, underground conduit installations have been
classified into groups and subgroups, as illustrated in Figure 5-1. Four common types
are trench, positive projecting embankment, negative projecting embankment, and
induced trench. Pipe is also installed by jacking or tunneling methods when deep in-
stallations are necessary or when conventional open excavation and backfill methods
may not be feasible. The essential features of each of these installations are shown in
Figure 5-2.

TRENCH CONDUITS

Trench conduits are installed in relatively narrow excavations in passive or undis-
turbed soil and then covered with earth backfill to the original ground surface. The
trench width must be sufficient to permit proper compaction or consolidation of the
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Construction Conditions Influencing Loads on
Underground Conduits
]
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Conduits Conduits Conduits Beddings Complete Incomplete
Trench Trench
Condition Condition
Figure 5-1 Underground conduit installation classifications

pipe bedding and backfill; widths 1.5 to 3.0 ft (0.45 to 0.91 m) greater than the outside
diameter of the pipe are common. The trench load theory is based on the following
assumptions:

¢ Load on the pipe develops as the backfill settles because the backfill is not

compacted to the same density as the surrounding earth.

The resultant load on an underground structure is equal to the weight of
the material above the top of the conduit minus the shearing or friction
forces on the sides of the trench. These shearing forces are computed in
accordance with Rankine’s theory.

Cohesion is assumed to be negligible because (1) considerable time must
elapse before effective cohesion between the backfill material and the sides
of the trench can develop, and (2) the assumption of no cohesion yields the
maximum probable load on the conduit.

In the case of rigid pipe, the side fills may be relatively compressible, and
the pipe itself will carry practically all the load developed over the entire
width of the trench.

When a pipe is placed in a trench, the prism of backfill placed above it will tend

to settle downward. Frictional forces will develop along the sides of the trench walls as
the backfill settles and act upward against the direction of the settlement. The fill load
on the pipe is equal to the weight of the mass of fill material less the summation of the
frictional load transfer, and is expressed by the following formula:

W, = CwB} (Eq 5-1)
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Figure 5-2  Essential features of types of installations

Where:
W, = trench load, Ib/lin ft
C, = trench load coefficient
w = unit weight of fill material, 1b/ft?
B, = width of trench at top of pipe, ft
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C, is further defined as:

1 — o-2KW(EH/By)

o, - 1=t (Eq 5-2)
d 2KM’
Where:
C, = trench load coefficient
e = base of natural logarithms
K = tan (45° - %) = Rankine’s ratio of active lateral unit pressure
to vertical unit pressure, with ¢’ = friction angle between backfill and soil
W = tan ¢’ = coefficient of friction between fill material and sides of trench
H = height of fill above top of pipe, ft

B, width of trench at top of pipe, ft

Recommended values for the product K’ for various soils are

Ky’ = 0.1924 for granular materials without cohesion

Ky’ = 0.1650 maximum for sand and gravel
Ky’ = 0.1500 maximum for saturated top soil
Ky’ = 0.1300 maximum for ordinary clay

Ku' = 0.1100 maximum for saturated clay

For very deep trenches, the load coefficient C, approaches a value of 1/(2KW), so
an accurate selection of the appropriate Ky’ value becomes more important. Generally,
when the character of the soil is uncertain, it is adequate to assume Ku' = 0.150 and w
= 120 1b/ft? (1,922 kg/m?).

Study of the load formula shows that an increase in trench width B, (where B is
measured at the top of the pipe) will cause a marked increase in load. Consequently,
the value of B, should be held to the minimum that is consistent with efficient con-
struction operations and safety requirements. If the trench sides are sloped back, or
if the width of the trench is large in comparison with the pipe, B, and the earth load
on the pipe can be decreased by constructing a narrow subtrench at the bottom of the
wider trench.

As trench width increases, the upward frictional forces become less effective in
reducing the load on the pipe until the installation finally assumes the same proper-
ties as a positive projecting embankment condition. This situation is common when
B, is approximately equal to or greater than H. The positive projection embankment
condition represents the most severe load that the pipe can be subjected to; any further
increase in trench width would have no effect. The maximum effective trench width,
where transition to a positive projecting embankment condition occurs, is referred to
as the transition trench width. The trench load formula does not apply when the tran-
sition trench width has been exceeded. The load generated (i.e., positive projecting)
is referred to as the transition load. The transition load may be calculated using the
positive projection embankment load formula. The transition trench width is found by
setting the trench load W, equal to the transition load and solving for B,,.

Calculated Loads

The preceding trench formula, with proper selection of the physical factors involved,
predicts the maximum loads to which a particular pipe may be subjected when in ser-
vice. Because of cohesion or other causes, these loads may never fully develop during
the service life of the pipe.
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Trenches in Caving Soils

Some projects involve the decision as to whether to place sheeting in the trench or to
allow the sides to cave in and thus to produce a trench with sloping sides. When sheet-
ing is used, the load may be affected materially.

If the sheeting is left in place, the coefficient of sliding friction p’ may be reduced,
increasing C, and the load. When the sheeting is to be retrieved, it should be pulled
in 3- to 4-ft (0.9- to 1.2-m) increments to allow time for frictional forces to develop
between the backfill and sides of the trench. This should result in the most favorable
loading condition for a pipe in a sheeted trench. If the sheeting is pulled as the trench
is backfilled, the value of Kp” is that for the fill material and the soil of the trench sides,
and the value of B, is the width between the back faces of the sheeting. If the sheet-
ing is pulled after all or most of the fill is completed, then the mass of fill material will
probably retain its shape for a time, thus eliminating the frictional load transferences
and substantially increasing the load on the pipe.

Calculation of earth load for trench conditions using the Marston theory is dem-
onstrated in chapter 7 in the design examples for ANSI/AWWA C300-type and ANSI/
AWWA C302-type pipe.

EMBANKMENT CONDUITS

Embankment conduits are those that are covered by fills or embankments, such as
railway embankments, highway embankments, and earth dams. Embankment instal-
lations are subdivided into the following three groups:

e Positive projection pipe is installed with the top of the pipe projecting above
the surface of the natural ground or compacted fill and then covered with
earth fill, as illustrated in Figure 5-3. This type also includes pipe
installation in wide trenches, i.e., with B, equal to or greater than the
transition width.

e Negative projection pipe is installed in relatively shallow trenches of such
depth that the top of the pipe is below the level of the natural ground sur-
face or compacted fill, as illustrated in Figure 5-4. The pipe is then covered
with earth fill to a height appreciably greater than the distance from the
natural ground surface or original compacted fill surface to the top of
the pipe.

¢ Induced trench pipe is initially installed as positive projection. When the
embankment fill has been placed to an elevation of at least one pipe
diameter over the proposed top of the pipe, a trench is excavated over the
pipe and backfilled with a more compressible material, simulating a
negative projection installation. This installation condition is illustrated in
Figure 5-5.

POSITIVE PROJECTION INSTALLATIONS

In considering earth loads in positive projection installations, it is customary to desig-
nate the prism of fill directly above the pipe and bounded by vertical planes tangent to
the side of the pipe as the interior prism. The exterior prisms are those adjacent to the
vertical planes on both sides of the pipe and of indefinite width. The load transmitted
to the top of the pipe is equal to the weight of the interior prism of soil, plus or minus
the friction forces that develop along the two vertical planes bounding the interior
prism.
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Figure 5-3  Settlements that influence loads—positive projecting embankment installation
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Figure 5-5 Settlements that influence loads — induced trench installation

The horizontal plane at the top of the pipe is defined as the critical plane. Unless
the embankment material on each side of the pipe is compacted so as to have the same
relative settlement as the pipe, the exterior prism of soil will compress more than the
interior prism. In this case, the frictional forces on the vertical planes between the in-
terior and exterior prisms will add to the load on the pipe, and the total load will be the
weight of the interior prism of soil plus the frictional forces. Under these conditions,
the critical plane will be deformed downward in the exterior prisms with respect to the
top of the pipe and the interior prism, and the pipe is defined as being in the projection
condition.

If the pipe is placed on a slightly yielding foundation, it will settle more than the
adjacent soil as the fill is constructed. This condition would reverse the frictional forces
and reduce the load on the pipe to a value less than the weight of the soil in the interior
prism. In this condition, the critical plane will deform downward in the interior prism
with respect to the top of the pipe and the exterior prisms, and the pipe is defined as
being in the trench condition.

The frictional forces are the summation of the active lateral pressure on the two
vertical planes multiplied by u, the coefficient of internal friction of the fill material.
If the frictional forces extend up to the surface of the fill, the pipe is defined as being
in the complete projection condition or the complete trench condition. If the frictional
forces do not extend to the surface of the fill but cease at a horizontal plane below the
top of the fill, the pipe is defined as being in the incomplete projection condition or the
incomplete trench condition. The horizontal plane where the frictional forces cease is
defined as the plane of equal settlement, and its height above the top of the pipe is the
height of equal settlement, H.

The preceding concepts were considered by Marston, and the formula for earth
loads in the projection and trench condition were mathematically derived using the
same principles and notation as for the analysis of the trench installations.
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The load on a positive projecting pipe is computed by the equation

W =CwB? (Eq 5-3)

Where:
positive projection load, Ib/lin ft

=
1]

positive projection load coefficient
unit weight of fill material, 1b/ft®
outside diameter of the pipe, ft

ST
fl

[y

C. is further defined as

c = ¢ ~ L hen H < H,, and

£2Ku (Eq 5-44)

eﬂKﬂ(Hg/BC) _ 1

Ce="—3gu

+ [(H/B,) — (H,IB,)]e***"#"when H > H, (Eq 5-4B)
Where:

positive projection load coefficient

base of natural logarithms

Rankine’s ratio

coefficient of internal friction of the soil

height of fill above top of pipe, ft

outside diameter of pipe, ft

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

TWEE XN CQ
1}

©

In Eq 5-4A, the upper (positive) signs are used for the complete projection condi-
tion and the lower (negative) signs are used for the complete trench condition. In Eq
5-4B, the upper (positive) signs are used for the incomplete projection condition and
the lower (negative) signs are used for the incomplete trench condition.

To evaluate the H, term in the equation for C, it is necessary to determine nu-
merically the relat10nsh1p between the p1pe deflection and the relative settlement
between the prism of fill directly above the pipe and the adjacent soil. This relationship
is defined as the settlement ratio and is expressed as

Sm +8g) — (sr+ d,
Sm
Where
r, = settlement ratio
s~ = compression strain of the side columns of soil of height pB,
s, = settlement of the natural ground surface
s, = total settlement of the pipe invert
d. = vertical deflection of the pipe

The formula used to determine the height of the plane of equal settlement is

1 +(H H, )i rsdplenK”(H"/B" —1, 1(&)2

2Ku B, 3 +2Ku *72\B.
raP [H _ H\ sokunasy _ 1 H _H_H _ H )
* (Bc Bc)e ZKﬂ X BC + BC X BL_ =t rup Bc (Eq5 6)
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Where:

p = projection ratio, which is the vertical distance between the outside
top of pipe and the ground or bedding surface divided by the
outside diameter of the pipe B,

and the other variables were previously defined.

Again, the upper signs are used for the incomplete projection condition when r_, is
positive, and the lower signs are for the incomplete trench condition when r_, is nega-
tive. Recommended design values for r_, are shown in Table 5-1.

The values of the product Ku for various soils are often considered the same as
for the product Kyu'. These values range from less than 0.05 to a maximum of just
over 0.19. When the character of the soil is unknown, a Ky design value of 0.19 is
suggested.

The formula for H, requires a complex, iterative solution procedure, but a value
for H is required if C is to be calculated. By using Eq 5-6 and setting H = H, the value
of H that occurs when H = H, can be calculated. If the design value of H is less than

this calculated value, C_ is calculated using Eq 5-4A. Otherwise, the actual value of H,
is calculated using the design value of H in Eq 5-6, and C| is calculated using Eq 5-4B.
Figure 5-6 provides a graphical solution for C, that circumvents the need to determine
H,. This figure permits reasonable estimates of C_ for various conditions of H/B, r_,,
and p. Because the effect of u is nominal, Ku is assumed to be 0.19 for the projection
condition and 0.13 for the trench condition, as recommended by Spangler (1948). Fig-
ure 5-6 provides an estimate for C_ that is well within the accuracy of the theoretical
assumptions.

In Figure 5-6, the family of straight lines represents the incomplete condi-
tions, while the curves represent the complete conditions. The straight lines intersect
the curves where H equals H. These diagrams can therefore be used to determine
the minimum helght of fill for which the plane of equal settlement will occur
within the soil mass.

Calculation of earth load for positive projecting conditions using the Marston the-
ory is demonstrated in chapter 7 in the design examples for ANSI/AWWA C300-type
and ANSI/AWWA C302-type pipe.

EARTH LOADS ON LARGE DIAMETER ANSI/AWWA C303 PIPE ___

Large-diameter bar-wrapped concrete cylinder pipe (greater than 54 in. [1,370 mm] in
diameter) is considered to be flexible. Therefore, the earth load on the pipe can be cal-
culated by using the prism load consisting of the weight of a prism of soil, with a width
equal to the pipe outside diameter and a height equal to the depth of fill over the pipe.
This load can be conveniently used for all installation conditions for both trench and
embankment conditions as follows:

W =wHB, (Eq 5-7a)
Where:
W, = earthload on the conduit, Ib/lin ft
w = unit weight of fill, 1b/ft3
H_ = height of fill above top of pipe, ft
B, = outside diameter of pipe, ft
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Table 5-1 Design values of settlement ratio

Settlement Ratio 7,

Installation and Foundation Condition Usual Range Design Value
Positive projection 0.0to +1.0
Rock or unyielding soil +1.0 +1.0
Ordinary soil* +0.5t0 +0.8 +0.7
Yielding soil 0.0 to +0.5 +0.3
Zero projection 0.0
Negative projection’ -1.0t0 0.0
p'=05 -0.1
p'=10 -0.3
p=15 0.5
p =20 -1.0
Induced trench’ -2.0t00.0
p'=05 ~0.5
p’=10 -0.7
p'=15 -1.0
p'=20 -2.0

* The value of the settlement ratio depends on the degree of compaction of the fill material adjacent to the sides of the pipe. With
construction methods resulting in proper compaction of bedding and sidefill materials, a settlement ratio design value of +0.5 is recom-
mended for rigid pipe and +0.3 for semirigid pipe.

p’ = negative projection ratio, which is the depth of the top of pipe below the critical plane divided by the width of the trench B -

NEGATIVE PROJECTION INSTALLATIONS

In negative projection installations, pipe is installed in shallow trenches of such depth
that the top of the pipe is below the surface of the natural ground or compacted fill, and
then covered with an embankment that extends above the ground level (Figure 5-4).
In negative projection theory, load transmitted to the pipe is equal to the weight of
the interior prism of soil above the pipe, minus frictional forces along the sides of that
prism. The critical plane is the horizontal plane through the top of the subtrench, and
the width of the interior prism is defined as the width of the subtrench.

The load for negative projecting pipe is computed by the equati
W =CwB/}
Where:
W = negative projection fill load, Ib/lin ft
C_ = theload coefficient for negative projecting conduits
w = unit weight of fill material, Ib/{t?
B, = width of trench at top of pipe, ft

C is further defined as

e 2Ku(HIBg) __ 1

C,, = -_W when H < Ht,, and
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Figure 5-6  Load coefficient for positive projection embankment condition

—2KuH,/By) _
Co = g + W/Bo) ~ (H/Bp) A/ when H>H,  (Bq5:39)

Where:

negative projection load coefficient

base of natural logarithms

Rankine’s ratio

coefficient of internal friction of the soil

height of fill above top of pipe, ft

width of trench at top of pipe, ft

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

M mE NSO
It

©

To determine H , the settlement ratio r_, is defined as

Sg — (sqg+sr+d
rog = &= (dtsrtde) (Eq 5-9)
Sd
Where:
o = settlement ratio

s, = settlement of the natural ground surface
s, = settlement of the soil from the original ground surface to the top of the pipe
s, = total settlement of the pipe invert
d_ = vertical deflection of the pipe
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If H' is defined as (H - p'B 2 and H is defined as (H, —p ‘B ), then the equation
forH is

o 2KWH /By _ | [H’ H, 1 ) H, |:(H’ H,e] + 1H, 1 ]

2K, B; By 2K By Bgl| 2B;  2Ku
i u
2 e2KuH'./By) _ 1 H H, o Ku(H’
_ = ’ —2Ku(H’,/B,) _
3 7sP [ “2Ku By Bil° ’ (Eq 5-10)

Where:

p = negative projection ratio, which is the depth of the top of pipe below the
critical plane divided by the width of the trench B,

and all other variables were previously defined.

Recommended design values for r_, are shown in Table 5-1.

As with H, for positive projection, the solution of the formula for H requires a
complex, iterative procedure. To avoid the need to determine H' values of C, versus
H/B for various values of r ; are provided in Flgures 5-7 through 5-10 for values of
P equal to 0.5, 1.0, 1.5, and 2 0. For other values of p’ between 0.5 and 2.0, values of
C_ may be obtained by interpolation. These figures are based on Ku = 0.13, so they
will give conservative values of C if the actual Ku is greater than 0.13. The family of
straight lines representing the incomplete condition intersects the curve for the com-
plete condition. At these intersections, the height of the plane of equal settlement H,
equals the height to the top of embankment H. These intersecting points can be used
to determine the minimum height of fill for which the plane of equal settlement will
occur within the soil mass.

INDUCED TRENCH INSTALLATIONS

The induced trench method of construction is a practical method for relieving the load
on pipe placed under high fills (Figure 5-5). The essential procedures of this method of
construction are as follows:

1. Install pipe in a positive projection embankment condition.

2. Compact the fill material at each side of the pipe for a lateral distance equal to
twice the outside diameter of the pipe or 12 ft (3.7 m), whichever is less. This fill is
constructed to an elevation of at least one pipe diameter over the top of the pipe.

3. Excavate a trench in the compacted fill directly over the pipe. The depth of the trench
should be at least one pipe diameter, and the width should coincide as nearly as
possible with the outside diameter of the pipe.

4. Refill the trench with loose compressible material, such as straw, sawdust, or
organic soil.

5. Complete the balance of the fill by normal methods.

An alternate method of induced trench construction is to partially construct the
embankment before the pipe is installed to an elevation of at least one pipe diameter
over the proposed top of the pipe. A trench is then excavated and the pipe installed.
Compressible material is placed as loosely as possible directly above the pipe and the
embankment completed by normal methods.
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This concept of installation was suggested by Marston (1930) and subsequently
developed by Spangler (1948) as a special case of the negative projection condition. In
this case, the width of the subtrench above the top of the pipe determines whether B,
or B, is used to calculate the load on a pipe installed by the induced trench method in

the design load equation
W=CwB? (Eq 5-11)
Where:
W, = induced trench load, Ib/lin ft
C, = induced trench load coefficient
w = unit weight of fill material, Ib/ft?
B, = outside diameter of pipe or width of trench, whichever is greater, ft
C, is further defined as
e 2KuHIB) < (Eq 5-12a)
C = B} when H < H,, and
e'2K“'(He/Bc) — 1
C; = BT T + [(H/B,) — (Hy/B,) ] e 2KiH/B) when H>H,  (Eq5-128)
Where:
C, = induced trench load coefficient
e = base of natural logarithms
K = Rankine’s ratio
u = coefficient of internal friction of the soil
H = height of fill above top of pipe, ft
B, = outside diameter of pipe or width of trench, whichever is greater, ft
H = height of the plane of equal settlement above top of pipe, ft

To avoid the need to determine H , values of C, versus H/B, for various values of
r , are provided in Figures 5-7 through 5 10 for values of p equal to 0.5, 1.0, 1.5, and
2 O Negative projection ratio p’ for induced trench installations is defined as the depth
of the excavated trench over the top of the pipe divided by the outside diameter of the
pipe. Recommended design values for r , were previously shown in Table 5-1.

The induced trench method results in less load on the pipe than either the posi-
tive projection or negative projection embankment conditions. The load reduction is
obtained because the fill over the pipe settles downward relative to the adjacent fill,
thus generating shearing forces that partially support the backfill. Because of the com-
pressible material placed in the trench, a smaller (larger negative) r_, value is used to
account for the larger relative settlement. The net result is a lower value for W, for any
given height of fill and trench width.

JACKED OR TUNNELED CONDUITS

This type of installation is used when surface conditions make it difficult to install
pipe by conventional open excavation and backfill methods, or when it is necessary to
install pipe under an existing embankment. The vertical load on the horizontal plane
at the top of the bore, within the width of the excavation, is equal to the weight of the
prism of earth above the bore minus the upward friction forces and minus the soil
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cohesion along the limits of the soil prism over the bore. This earth load is computed
by the equation

W =CwB?-2cCB, (Eq 5-13)
Where:
W, = earth load under tunneled or jacked conditions, Ib/lin ft
C, = load coefficient for tunneled or jacked pipe
w = unit weight of earth, 1b/ft?
B, = maximum width of bore excavation, ft
¢ = cohesion of the soil above the excavation, lb/ft?
C, is further defined as
C - 1 — o-2Ku(HIBY
) (TR (Eq 5-14)
Where:

C = load coefficient for tunneled and jacked pipe

t

e = base of natural logarithms

K = Rankine’s ratio

i = coefficient of internal friction of the soil
H = height of cover above top of pipe, ft

B, = maximum width of bore excavation, ft

N

In Eq 5-13, the CwB/? term is similar to the trench equation for trench loads, and
the 2¢C B, term accounts for the cohesion of undisturbed soil. Conservative design val-
ues of the coefficient of cohesion for various soils are listed in Table 5-2.

DETERMINATION OF LIVE LOAD

The most common live loads for which pipe must be designed are those from trucks,
railroads, or construction equipment. The distribution of a live load at the surface on
any horizontal plane in the subsoil is shown in Figure 5-11. The intensity of the load
on any plane in the soil mass is greatest at the vertical axis directly beneath the point
of application and decreases in all directions outward from the center of application.
As the distance between the plane and the surface increases, the intensity of the load
at any point on the plane decreases.

Highways

If a rigid or flexible pavement designed for heavy-duty traffic is provided, and there is
1 ft (0.3 m) of cover between the top of the pipe and the bottom of the pavement, the in-
tensity of a truck wheel load is usually reduced sufficiently so the live load transmitted
to the pipe is negligible. In the case of flexible pavements designed for light-duty traffic
but subjected to heavy truck traffic, the flexible pavement should be considered as fill
material over the top of the pipe. In addition to considering light-duty pavements as
fill material for calculating traffic loads, pipe should not be installed under light-duty
pavements with less than 2 ft (0.6 m) of total cover between the bottom of the pave-
ment and the top of the pipe.
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The most critical AASHTO" loadings shown in Figure 5-12 should be used in
either the single mode or the passing mode. Each of these loadings is assumed to be
applied through dual wheel assemblies uniformly distributed over a surface area of 10
in. x 20 in. {254 mm x 508 mm) as shown in Figure 5-13. As recommended by AASHTO,
the total wheel load is then assumed to be transmitted and uniformly distributed over
a rectangular area on a horizontal plane at depth H as shown in Figure 5-14 for a
single HS-20 dual wheel. Distributed load areas for the alternate load and the passing
mode for either loading are developed in a similar manner.

The average pressure intensity on the subsoil plane at the outside top of the pipe
at depth H is determined by the equation

wy, = 224D (Eq 5-15)
ArL d
Where
w, = average pressure intensity, Ib/ft
WH = total applied surface wheel loads, lb
A, = distributed live load area, ft?
I . = impact factor

Table 5-3 presents AASHTO-recommended impact factors I, to be used in deter-
mining live loads imposed on pipe with less than 3 ft (0.9 m) of cover when subjected
to dynamic traffic loads.

As depth H increases, the critical loading configuration can either be one HS-20
wheel load, two HS-20 wheel loads in the passing mode, or the alternate load in the
passing mode. The exact geometric relationship of individual or combinations of sur-
face wheel loads cannot be anticipated; therefore, the most critical loading configura-
tions and the outside dimensions of the distributed load areas within the indicated
cover depths have been established, and these are summarized in Table 5-4.

Table 5-2  Design values of coefficient of cohesion

Type of Soil Values of ¢
Clay Soft 40
Medium 250
Hard 1,000
Sand Loose dry 0
Silty 100
Dense 300
Topsoil Saturated 100

*  American Association of State Highway and Transportation Officials, 444 N. Capitol St., N.W., Washington, DC 20001.
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Figure 5-13 Wheel load surface contact area

Table 5-3  Impact factors for highway truck loads

Height of Cover, H Impact Factor, I §
0to 1'-0" 1.3
1'-1" to 2'-0" 1.2
2-1"to 2'-11" 1.1
3'-0" and greater 1.0

Table 5-4  Critical loading configurations

Height of Cover, fi Wheel Load, b A, Distributed Load Area, ft x ft
H<133 16,000 (0.83 + 1.75H)(1.67 + 1.75H)
1.33 < H<4.10 32,000 (0.83 + 1.76H)(5.67 + 1.75H)
410<H 48,000 (4.83 + 1.75H)(5.67 + 1.75H)

The total live load acting on the pipe is determined by the following formula:

W.=w,lLS, (Eq 5-16)
Where:
W, = total live load, 1b
w, = average pressure intensity, Ib/ft?
L = length of A, , parallel to longitudinal axis of pipe, ft
S, = outside horizontal span of pipe or width of A;,, transverse to longitudinal

axis of pipe, whichever is less, ft
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Figure 5-14 Distributed load area—single dual wheel

The live load acting on the pipe is determined by the following equation:

Wr
Wy="7- (Eq 5-17)
Where:
W, = live load on pipe, lb/lin ft
W, = total live load, 1b
L, = effective supporting length of pipe, ft

The buried concrete pipe is similar to a beam on continuous supports, and the ef-
fective supporting length of the pipe is assumed as in Figure 5-15 and determined by
the following equation:

L,=L+1.75(3B/4) (Eq 5-18)
Where:
L, = effective supporting length of pipe, ft
L = length of A ,, parallel to longitudinal axis of pipe, ft
B, = outside diameter of the pipe, ft

Analysis of possible pipe alignments relative to load orientation confirms that
the most critical loading can occur when the longitudinal pipe axis is either parallel
or transverse to the direction of travel and centered under the distributed load area.
Table 5-5 presents the maximum HS-20 highway live loads, including impact, imposed
on circular pipe.

Railroads

To determine the live load transmitted to a pipe installed under railroad tracks, the
weight on the locomotive driver axles plus the weight of the track structure, includ-
ing ballast, is considered to be uniformly distributed over an area equal to the length
occupied by the drivers multiplied by the length of ties.

Copyright (C) 2008 American Water Works Association All Rights Reserved



EXTERNAL LOADS 53

N
38 /4

‘4— Le=L+1.75 (3B./4) —>’

Figure 5-15 Effective supporting length of pipe

The AREMA” recommends a Cooper E80 loading with axle loads and axle spacing
as shown in Figure 5-16. Based on a uniform load distribution at the bottom of the ties
and through the soil mass, the live load transmitted to a pipe underground is computed
by the equation

W, =CpBlI . (Eq 5-19)
Where:
W, = live load on pipe, lb/lin ft
C = live load pressure coefficient (from Newmark’s integration of the Boussinesq
equation)
p, = intensity of the distributed load at the bottom of the ties, Ib/ft
B, = outside diameter of the pipe, ft
I ;= impact factor

Table 5-6 presents live loads in pounds per linear foot with a Cooper E80 design
loading, track structure weighing 200 1b/lin ft (298 kg/m), and the locomotive load
uniformly distributed over an area 8 ft x 20 ft (2.4 m x 6.1 m) yielding a uniform
live load of 2,025 Ib/ft? (97 kPa). In accordance with the AREMA Manual for Railway
Engineering, an impact factor of 1.4 at zero cover decreasing to 1.0 at 10 ft (3 m) of
cover is included in the table.

When design loading other than Cooper E80 is required for the design of a buried
conduit, there is a simple procedure that can be used to determine the new live load
figures for design. The procedures for both Cooper E72 and Cooper E90 design loads
are as follows:

Cooper E72 design load. Select the live load figure from Table 5-6 that corre-
sponds to the conduit diameter and depth of cover. Multiply this value by the ratio of
72/80 to obtain the Cooper E72 design load.

Cooper E90 design load. Select the live load figure from Table 5-6 that corre-
sponds to the conduit diameter and depth of cover. Multiply this value by the ratio of
90/80 to obtain the Cooper E90 design load.

Construction Loads

During grading operations, it may be necessary for heavy construction equipment
to travel over an installed pipe. Unless adequate protection is provided, the pipe
may be subjected to load concentrations in excess of the design loads. Before heavy

* American Railway Engineering and Maintenance-of-Way Association, 10003 Derekwood Lane, Suite 210, Lanham, MD 20706.
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Table 5-5 Highway loads on circular pipe (pounds per linear foot)

Pipe Pipe Pipe
Size oD ) i . Size
D B Height of Fill H Above Top of Pipe, ft  ~ D
C
(in.) at) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 8.0 9.0 (in.)
10 1.11 3,380 1,830 1,270 930 650 470 390 320 250 200 160 130 110 10
12 1.28 3,700 2,020 1,430 1,050 740 530 440 360 280 220 180 150 130 12
14 1.44 3,960 2,190 1,570 1,150 820 590 480 400 310 250 200 170 140 14
16 1.67 4,300 2,400 1,770 1,300 920 670 550 460 360 280 230 190 160 16
18 1.92 4,110 2,610 1,970 1,460 1,030 750 620 520 400 320 260 220 190 18
20 2.04 3,980 2,700 2,070 1,530 1,080 790 650 540 420 340 280 230 200 20
24 2.50 4,100 3,010 2,400 1,780 1,270 930 760 640 500 400 330 280 240 24
27 2.79 3,880 2,940 2,590 1,930 1,380 1,010 830 700 560 440 360 300 260 27
30 3.08 3,620 2,830 2,770 2,070 1,480 1,080 890 750 590 480 390 330 280 30
33 3.38 3,390 2,930 2,950 2,200 1,580 1,160 960 810 630 510 420 360 300 33
36 3.67 3,190 2,810 2,930 2,330 1,670 1,230 1,020 860 670 550 450 380 330 36
39 3.96 3,010 2,670 2,850 2,440 1,760 1,290 1,070 910 710 580 480 410 350 39
42 4.25 2,860 1,550 2,770 2,560 1,840 1,360 1,130 950 750 610 510 430 370 42
48 4.83 2,590 2,330 2,620 2,480 1,990 1,470 1,230 1,040 820 670 560 470 410 48
54 5.42 2,360 2,150 2,490 2,360 2,050 1,580 1,320 1,120 890 730 610 520 440 54
60 6.00 2,170 1,990 2,450 2,250 1,960 1,680 1,400 1,190 950 780 650 560 480 60
66 6.58 2,010 1,850 2,520 2,160 1,880 1,640 1,480 1,260 1,010 830 700 590 510 66
72 7.17 1,870 1,730 2,580 2,190 1,810 1,570 1,510 1,330 1,060 880 740 630 540 72
78 7.75 1,750 1,630 2,630 2,240 1,770 1,520 1,460 1,390 1,110 920 780 660 570 78
84 8.33 1,650 1,540 2,730 2,290 1,810 1,460 1,410 1,360 1,160 960 810 690 600 84
90 8.92 1,550 1,460 2,530 2,330 1,850 1,470 1,360 1,310 1,210 1,000 850 720 630 90
96 9.50 1,470 1,380 2,410 2,290 1,880 1,500 1,330 1,270 1,250 1,040 880 750 650 96
102 10.08 1,390 1,320 2,300 2,190 1,910 1,530 1,350 1,240 1,290 1,070 910 780 680 102
108 10.67 1,320 1,260 2,200 2,090 1,830 1,560 1,380 1,230 1,330 1,110 940 810 700 108
114 11.25 1,260 1,200 2,110 2,010 1,760 1,540 1,410 1,260 1,362 1,140 970 830 730 114
120 11.83 1,210 1,150 2,020 1,930 1,700 1,480 1,420 1,280 1,400 1,170 990 860 750 120
126 12.42 1,160 1,100 1,940 1,860 1,640 1,430 1,380 1,300 1,430 1,200 1,020 880 770 126
132 13.00 1,110 1,060 1,870 1,800 1,580 1,380 1,330 1,290 1,460 1,220 1,040 900 790 132
138 13.58 1,070 1,020 1,880 1,730 1,530 1,340 1,290 1,250 1,490 1,250 1,070 920 810 138
144 14.17 1,020 980 1,740 1,670 1,480 1,300 1,250 1,210 1,470 1,280 1,090 940 830 144
Data:

1. Unsurfaced roadway.
2. Loads — AASHTO HS-20, two 16,000-1b, dual-tired wheels, 4 ft on centers, or alternate loading, four 12,000-1b, dual-tired wheels,

4 ft on centers, with impact included.
Nores:

1. Interpolate for intermediate pipe sizes and/or fill heights.

2. Critical loads:
a. For H = 0.5 and 1.0 ft, a single 16,000-1b dual tired wheel.

b. For H = 1.5 through 4.0 ft, two 16,000-1b dual tired wheels, 4 ft on centers.

¢. For H>4.0 ft, alternate loading.

3. Truck live loads for H = 10.0 ft or more are insignificant.
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Table 5-6  Cooper E8O railroad loads on circular pipe (pounds per linear foot)
Pipe Pipe
Size Size
D Height of Fill H Above Top of Pipe (ft) D
(in.) .
2 3 4 5 6 7 8 9 10 12 14 16 18 20 25 30 (in.)
10 3,020 2,830 2,540 2,250 1,950 1,670 1,430 1,230 1,050 910 730 600 490 410 350 240 170 10
12 3,490 3,260 2,930 2,600 2,250 1930 1650 1,420 1210 1,050 840 690 560 470 400 280 200 12
14 3,930 3,680 3,310 2920 2,530 2,180 1,860 1,600 1,360 1,180 950 780 640 530 450 310 230 14
16 4,540 4,240 3,810 3,380 2,930 2510 2,150 1,850 1,580 1,360 1,100 900 740 610 520 360 260 16
18 5220 4,890 4,390 3,890 3,370 2,890 2,480 2,130 1,820 1,570 1,260 1,030 840 710 610 410 300 18
20 5560 5200 4,670 4,130 3,580 3,070 2,630 2,260 1,940 1,670 1,340 1,100 900 750 650 440 310 20
24 6,810 6,370 5730 5070 4,390 3,770 3,230 2,770 2,370 2,050 1,640 1350 1,100 920 790 540 390 24
27 7,610 7,120 6,400 5660 4,900 4,210 3,610 3,100 2,650 2,290 1,830 1,500 1,230 1,030 890 600 430 27
30 8,400 7,860 7,070 6,250 5420 4,640 3,980 3,420 2930 2,520 2,020 1,660 1,360 1,140 980 670 480 30
33 9,200 8610 7,740 6,840 5930 5080 4360 3,740 3,200 2,760 2,220 1,820 1,480 1,240 1,070 730 520 33
36 10,000 9,350 8,400 7,430 6,450 5520 4,740 4,070 3480 3,000 2410 1980 1610 1350 1,160 790 570 36
42 11,600 10,800 9,740 8,610 7,470 6,400 5500 4,710 4,030 3,480 2,790 2,290 1,870 1570 1,350 920 660 42
48 13,200 12,300 11,100 9,790 8500 7,280 6250 5360 4,590 38,960 3,170 2,600 2,130 1,780 1,530 1,040 750 48
54 14,800 13,800 12,400 11,000 9,520 8,160 7,000 6,000 5140 4,440 3,560 2,920 2,380 2,000 1,720 1,160 840 54
60 16,400 15,300 13,800 12,200 10,500 9,040 7,750 6,650 5690 4,910 3,940 3,230 2,640 2210 1,900 1,290 930 60
66 17,900 16,800 15,100 13,300 11,600 9,920 8510 7,300 6,250 5,390 4,320 3,550 2,900 2,430 2,090 1,420 1,020 66
72 19,500 18,300 16,400 14,500 12,600 10,800 9,260 7,950 6,800 5,870 4,710 3,860 3,150 2,640 2,270 1,540 1,110 72
78 21,100 19,800 17,800 15,700 13,600 11,700 10,000 8,590 7,350 6,350 5,090 4,180 3,410 2,860 2,460 1,670 1,200 78
84 22,700 21,200 19,100 16,900 14,600 12,600 10,800 9,240 7,900 6,820 5470 4,490 3,670 3,070 2,640 1,800 1,290 84
90 24,300 22,7700 20,400 18,100 15,700 13,400 11,500 9,890 8,460 7,300 5860 4,800 3,920 3,290 2,820 1920 1,380 90
96 25900 24,200 21,800 19,300 16,700 14,300 12,300 10,500 9,010 7,780 6,240 5,120 4,180 3,500 3,010 2,050 1,470 96
102 27,500 25,7700 23,100 20,400 17,700 15,200 13,000 11,200 9,560 8,250 6,620 5430 4,440 3,720 3,200 2,180 1,560 102
108 29,100 27,200 24,500 21,600 18,800 16,100 13,800 11,800 10,100 8,740 7,010 5,750 4,690 3,940 3,380 2,300 1,650 108
114 30,200 28,300 25,400 22,500 19,500 16,700 14,300 12,300 10,500 9,070 7,280 5970 4,880 4,090 3,510 2,390 1,710 114
120 31,800 29,800 26,800 23,700 20,500 17,600 15,100 12,900 11,100 9,560 7,660 6,290 5,130 4,300 3,700 2,520 1,800 120
126 33,400 31,200 28,100 24,800 21,500 18,500 15,800 13,600 11,600 10,000 8,040 6,600 5,390 4,520 3,880 2,640 1,890 126
132 35,000 32,700 29,400 26,000 22,500 - 19,300 16,600 14,200 12,200 10,500 8,420 6,910 5650 4,730 4,060 2,770 1,980 132
138 36,600 34,200 30,800 27,200 23,600 20,200 17,300 14,900 12,700 11,000 8,810 7,230 5900 4,950 4,250 2,890 2,070 138
144 38,200 35700 32,100 28,400 24,600 21,100 18,100 15,500 13,300 11,500 9,190 7,540 6,160 5,160 4,430 3,020 2,160 144

Norte: Cooper E80 design loading consisting of four 80,000-1b axles spaced 5 ft on centers. Locomotive load assumed uniformly distributed over an area 8 ft x 20 ft. Weight of track structure assumed to
be 200 Ib/lin ft. Impact included. Height of fill measured from top of pipe to bottom of ties. Interpolate for intermediate pipe sizes and/or fill heights.
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56 CONCRETE PRESSURE PIPE
Eel 2 o o o 2 8 o9 9 Q 2 £ 8 2o 2 9 a 2 L«
o Qo o o o o o o 9 o o o 9o 9 o 9O @ 9 8.000 Ib/lin ft
S S & & 9 S & 9 9 o o & & & S O 9 & ,
S S & & & S 8 & & & S & & & S & & O
g 8888 €8 dd ¢ 8888 ¢§d &
<0 O000 0000 < OO0 O0O0OO0

Figure 5-16 Cooper E80 design load

construction equipment is permitted to cross over a pipe, a temporary earth fill should
be constructed to an elevation at least 3 ft (0.9 m) over the top of the pipe. The fill
should be of sufficient width to prevent possible lateral displacement of the pipe.
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Chapter 6

Bedding and Backfilling

INTRODUCTION

The bedding of pipe has an important effect on its external-load-carrying capacity and
can be a controlling factor in the design of the pipe. How loads from pipe, water, and
cover will be supported by the bedding must be determined when the pipe is designed.
If the cover or other external load on the pipe is high, the degree and uniformity of bed-
ding support can have a substantial influence on the required pipe strength.

The exterior pipe mortar or concrete provides the primary corrosion protection for
the pipe reinforcing steel. It is important to remove large rocks and debris from backfill
placed near the pipe to avoid damage to the pipe exterior and the consequent reduction
in corrosion resistance. The backfill and trench should also be free of metallic debris to
avoid electrical interference if corrosion monitoring is performed in the future.

Trench Width

Trench width is measured at the top of the pipe. The minimum specified trench width
should allow sufficient access on each side of the pipe for any required consolidation of
bedding under the pipe haunches. The minimum clearance between the pipe and the
trench wall should be no less than 9 in. (229 mm). If soil and installation conditions and
safety standards permit, the maximum trench width should also be limited to reduce
the soil load that the pipe must support.

RIGID PIPE

In general, it is more economical to design rigid pipe (ANSI/AWWA C300-, C301-, and
C302-type pipe) to accommodate external loading with minimal support than it is to
require the pipe to be installed with a highly compacted bedding. It is important to
avoid laying the pipe on a hard or unyielding surface, such as rock, hard clay, or shale.
Usually, fines from the excavation can be placed in the trench bottom to provide suffi-
cient support for the pipe. When appropriate material is not available from the excava-
tion, it may be necessary to import material to provide a cushion.

Typical bedding conditions and the approximate angle of support for each are
shown in Figure 6-1. These various conditions of bedding and backfilling affect the
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LEGEND

Bedding material, free from large clods or rocks,
well compacted after pipe is laid, or granular
material consolidated after pipe is laid.

Compacted backfill material,
free from large clods or rocks.

Depth of Bedding Material Below Pipe

Pipe ID b (minimum)
27 in. and smaller 3in.
30 to 60 in. 4in.
66 in. and larger 6 in.

B: = outside diameter of pipe

Notes: 1. Embankment condition indicates the trench width at the top of the pipe exceeds transition width.
2. For bedding types R1 and R2, the trench bottom shall be overexcavated and bedding material shall extend to
depth b below the bottom of pipe if subgrade is rock or other unyielding material.

Figure 6-1

Bedding and backfill for rigid pipe
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BEDDING AND BACKFILLING 59

structural design of the pipe as shown in chapter 7. When rigid concrete pipelines less
than 72 in. (1,830 mm) in diameter are subjected to moderate earth covers (10 ft [3
m] or less), the type R1 or R2 beddings represent a cost-effective support when both
pipe and installation costs are considered. For more severe external loading situations,
types R3, R4, and R5 reflect beddings that provide additional pipe support. Designers
should consider the cost of increasing pipe-load supporting strength, the cost of in-
creasing the supporting strength of the bedding, or combinations of pipe strength and
bedding support that provide the most economical installation.

SEMIRIGID PIPE

Concrete pressure pipe manufactured in accordance with ANSI/AWWA C303 is consid-
ered semirigid in larger diameters because as it deflects it develops its ability to sup-
port external loads both from the support of the surrounding soil and from its inherent
strength.

The smaller diameters of ANSI/AWWA C303-type pipe (24 in. [610 mm] and
smaller) are designed as semirigid, but may be considered as rigid when selecting
bedding because they have sufficient strength to support large external loads without
injurious deflection or dependence on support from surrounding soil. As the diameter
of ANSVAWWA C303-type pipe becomes larger, support from the surrounding soil be-
comes increasingly important, as demonstrated in chapter 7.

The surrounding soil support for semirigid pipe is measured in terms of the bed-
ding constant % and the modulus of soil reaction E’. Bedding constant % is dependent on
the angle of support beneath the pipe.* Modulus of soil reaction E is a measure of the
lateral support provided by the soil. Values of E” vary widely depending on the native
soils, depth of cover, backfill materials, and the degree of densification of the backfill.!

Soil Compaction

When specifying the amount of compaction required, it is very important to consider
the degree of soil compaction that is economically obtainable in the field for a particu-
lar installation. The density and supporting strength of the native soil must be equal
to or greater than that of the compacted backfill. The densification of the backfill en-
velope must include the haunches under the pipe to control both the horizontal and
vertical pipe deflections. Specifying an unobtainable soil compaction value can result
in inadequate support and injurious deflection. Therefore, a conservative assumption
of the supporting capability of a soil is recommended, and good field inspection should
be provided to verify that design assumptions are met.

Bedding Details

Bedding details for ANSI/AWWA C303-type pipe are shown in Figure 6-2, together
with design values for £. Concrete cradles are not ordinarily used for semirigid pipe.

The type of bedding may be chosen after determining how much soil support must
be provided to limit pipe deflection as required in chapter 7. On longer projects, where
depths of cover vary significantly, it may be most economical to require less bedding
support in the areas of less cover and more bedding support only where necessary.
When safety standards permit, it is recommended that trench widths be kept as nar-
row as possible to minimize the external load while still providing adequate working
space.

* For a discussion of the correlation between bedding angle and bedding constant k, see Bull. 153 (December 1941), lowa State
Experiment Station, by Spangler (1982).

+ For correlation of E’ values with depth of cover, degree of densification, and soil types, reference is made to the papers “E and Its
Variation with Depth,” by Hartley and Duncan (1987), and “Modulus of Soil Reaction Values for Buried Flexible Pipe,” by Howard (1977).
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S1 Bedding:

S2 Bedding:

S$3 Bedding:

S4 Bedding;:
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installation condition SW
Qy . See legend.
NS DA

Yielding Material or Ordinary Soil In Rock or Unyielding Material for D < 24 in.
forD<24in. or All Installations for D > 24 in.

1

Depth of Bedding Material Below Pipe

D b (minimum)
27 in. and smaller 3in.
30 to 60 in. 4in.

66 in and larger 6in.

Note: b includes 1-in.-layer loose material below the pipe.

Bedding Design Values

S1 Bedding: k=0.105
S2 Bedding: k =0.098
S3 Bedding: k =0.090
5S4 Bedding: k =0.085

Backfill Envelope Legend

Fine-grained, low-plasticity backfilt, CL, ML, CL-ML, free from large clods or rocks larger than b/4, lightly consoli-
dated to remove large voids. Soil density less than 85% Standard Proctor (ASTM D698). (Not recommended for
pipe larger than 24 in.)

Fine-grained, low-plasticity backfill, CL, ML, CL-ML, free from large clods or rocks larger than b/4, placed with tight
to moderate compaction. Minimum density = 85% Standard Proctor (ASTM D698). (Not recommended for pipe
larger than 36 in.)

Fine-grained, low-plasticity backfill, CL, ML, CL-ML, free from large clods or rocks larger than b/4, placed with
moderate to heavy compaction. Minimum density = 90% Standard Proctor (ASTM D698).

Fine-grained, low-plasticity backfill, CL, ML, CL-ML, free from large clods or rocks larger than b/4, placed with
moderate to heavy compaction. Minimum density = 95% Standard Proctor (ASTM D698).

Note:  Backfill envelope material is assumed to be fine-grained soils with less than 25% sand content, which is generally of lower struc-
tural quality. For the modulus of soil reaction E’ of the fine-grained material previously described and the E' of backfill material
of higher structural quality, refer to the Hartley and Duncan (1987) and the Howard (1977) references cited in this chapter.

Figure 6-2

Bedding and backfill for semirigid pipe

UNSTABLE FOUNDATIONS

Saturated soils, such as those found in many areas along coastlines or in swamps, are
often unstable or nearly liquid. Pile-supported piers or other pipe foundations should
be considered but are not necessarily required for pipe installed in saturated soils. The
composite unit weight of concrete pressure pipe filled with water ranges from about
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80 to 95 Ib/1t3 (1,281 to 1,522 kg/m?®), which is usually less than in-situ soil material. If
an unstable soil is in equilibrium, a ditch may be dug in it and refilled with pipe and
soil with a total weight approximately equal to the weight of the excavated material.
The pipe would then “float” in the unstable soil at the installed depth and would not
sink or move. For larger pipe or lower covers, consideration should always be given to
the differences in full versus empty pipe buoyancy. See Eq 11-1 in chapter 11 for check-
ing the buoyancy of empty pipe.

Pipe in unstable swamp or bog material can be supported on bedding that will
spread the pipe load over the trench bottom instead of concentrating it along the in-
vert. Successful installations using a spread bedding of seashells or granular material
1% to 2 pipe diameters wide have been used, as have light timber mats with seashells
or granular material over the mat for pipe bedding. A geotextile envelope surrounding
a seashell or granular bedding can also spread the pipe load over the unstable trench
bottom.

A timber mat, crushed rock, shell, sheet pile, or geotextile fabric foundation may
be required to support construction equipment or to hold the ditch open. The pipe may
not need special support in unstable soils because loading is more radially compressive
or hydrostatic rather than vertically downward.

“Floating” installations work well in soils that will remain in equilibrium. If the
soil can be expected to shift or not remain static, other installation procedures must
be used. Loads and moments applied to pipe by shifting soils can become extreme, so
elevating the pipe on a bridge or piers or otherwise rerouting the pipeline around the
shifting soil may provide the most economical installation.
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Chapter 7

Design of Reinforced
Concrete Pressure Pipe

This chapter presents three design procedures with examples, one for each of the re-
inforced concrete pressure pipe types described in chapter 2, i.e., ANSVTAWWA C300-,
ANSIVAWWA C302-, and ANSVAWWA C303-type pipe. The design of prestressed
concrete pressure pipe, ANSI/AWWA C301-type pipe, is covered separately in ANSI/
AWWA C304.

The method of design for reinforced concrete pressure pipe includes two basic
procedures. The first is to establish the amount of wall strength required to resist in-
ternal hydrostatic pressure acting alone. The second is to evaluate the influence of ex-
ternal loads. ANSI/AWWA C300- and C302-type pipe are designed for external loads in
various combinations with internal pressures using rigid pipe concepts with controlled
steel and concrete stresses. ANSI/AWWA C303-type pipe is designed for external loads
using semirigid pipe concepts and controlled pipe deflections.

INFORMATION REQUIRED FOR PIPE DESIGN

The design of reinforced concrete pressure pipe requires the following information:

® pipe diameter D
e internal pressure criteria (chapters 3 and 4)
— working pressure P
— field test pressure Pﬂ
— surge pressure P,
¢ external earth load criteria (chapter 5)
— weight of earth cover H
— trench or projecting condition B or p

— soil properties w, Ku, Ku ', and T
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64 CONCRETE PRESSURE PIPE

e external live load criteria (chapter 5)

— type of load: highway, rail, etc.

— impact factor

e installation criteria (chapter 6)

— compaction of bedding and backfill

— bedding angle
- moment, thrust, and shear coefficients, Paris or Olander (for ANSI/AWWA

C300

- and C302-type pipe)

— modulus of soil reaction E~ (for ANSI/AWWA C303-type pipe)

To make the pipe as economical as possible, a pipeline is usually subdivided,
either by the engineer or the pipe supplier, into sections requiring different design
pressures and external-load capacities.

Pipe wall minimum dimensions, steel material and placement requirements, and
minimum concrete design strengths are determined by each AWWA standard. Any
special requirements must be stated in the project specification. Some special designs
may only be feasible for longer pipelines due to the availability and cost of unusual

manufacturing

equipment.

DESIGN PROCEDURE FOR RIGID PIPE (ANSI/AWWA C300- AND

C302-TYPE PIPE)

The rigid-pipe design procedure involves the following steps for each subdivision of the

pipeline:

Step 1

Calculate the total circumferential steel area required
to resist internal pressure only using the hoop tension equation
for working pressure and working pressure plus surge pressure.
The hydrostatic design steel area is the maximum A, obtained from
Eq 7-1 and 7-2 or Eq 7-3 and 7-4. Eq. 7-2 and 7-4 may be used to
check A, for field test pressure by replacing (P, + P,) with P,.

For ANSI/AWWA C300-type pipe

A=6P.D,/f (Eq7-1)
A,=6(P,+P)D /], (Eq7-2)

For ANSI/AWWA C302-type pipe

A =6P D/f (Eq 7-3)
A =6(P +P)D/f, (Eq 7-4)

cross-sectional area of circumferential steel reinforcement,

including any steel cylinder, in square inches per foot of pipe wall
internal working pressure established by the hydraulic gradient or by
specified static pressure, whichever is greater, psi

inside diameter of the steel cylinder, in.
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f, = average circumferential stress, psi, in the steel reinforcement,
including any cylinder, when the pipe is subjected to the
internal working pressure

For ANSI/AWWA C300-type pipe
f, = 16,500 psi
For ANSI/AWWA C302-type pipe

f. = 16,500 — 75P

D = pipe inside diameter, in.

P, = surge pressure in excess of working pressure, psi

P, = field test pressure, psi

f, = average circumferential stress, psi, in the steel reinforcement,

including any cylinder, when the pipe is subjected to working plus
surge pressure, or field test pressure

For ANSI/AWWA C300-type pipe
f,, = 21,000 psi
For ANSI/VAWWA C302-type pipe

f,, = 16,500 psi

Step 2 (ANSIVJAWWA (C302-type pipe only) For the selected wall thickness
of ANSI/AWWA C302-type pipe, use the hoop tension equation to
calculate the circumferential tensile stress in the concrete of the
pipe wall resulting from working pressure plus surge pressure. The
concrete strength, [ 'C, or the wall thickness must be increased if the
tensile stress exceeds the allowable.

For ANS/AWWA C302-type pipe

f,=(P, + P)DIQ21) (Eq 7-5)
Where:
f, = average circumferential tensile stress in the pipe wall concrete, with
no allowance for steel reinforcement, psi, not to exceed 4.5 \/f—c' psi
f 'c = 28-day compressive strength of the pipe wall concrete, psi

pipe wall thickness, in.

and other variables are as defined under step 1.
Step3  Calculate the pipe weight and water weight.
Step4  Calculate the external earth load on the pipe.
Step 5 Calculate the external live load, if any, on the pipe.

External dead loads and live loads must be computed in accordance with recog-
nized and accepted theories, such as those presented in chapter 5.

Step 6 Calculate moments and thrusts for each load on the pipe, including
internal pressure. Values at the invert and at the side are required.
For normal loading conditions, the crown values do not control
the design.
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Check the radial tension and shear capacity of the pipe wall chosen (Eq 7-21 and
7-22) for loading condition 4. For the definition of radial tension (slabbing) and shear
(diagonal tension), refer to Heger and McGrath (1983) and Olander (1950), respec-
tively, in the references. Experience indicates that for normal loading conditions, radial
tension or shear stresses do not control the design if the minimum wall thickness is
equal to or greater than the minimum wall thicknesses shown in Table 1 and Table 4
of ANSVAWWA standards C300 and C302, respectively.

For ANSI/AWWA C300-type pipe, radial tension and shear capacities of the
pipe wall should be checked for the inner cage with zero cylinder thickness except for
microtunneling applications or shallow covers, where the cylinder alone may provide
the inner steel.

The coefficients for moments, thrusts, and shear must be from recognized and
accepted theories, such as those presented by Paris (1921) and Olander (1950). The
bedding angle used in design must be compatible with the installation criteria speci-
fied by the purchaser.

Step 7 Calculate the required circumferential steel area for the invert and
the side for each of the first three conditions shown below.
Calculate minimum bar area, A,,, for condition 4 assuming zero
cylinder thickness for ANSI/AWWA C300-type pipe.

Combined load design means the pipe is designed to resist the flexural and axial
stresses from each of the following conditions:

¢ Condition 1: a combination of working pressure, dead loads (earth, pipe, and
water), and live loads

® Condition 2: a combination of dead loads (earth, pipe, and water) and live
loads with zero internal pressure

¢ Condition 3: a combination of working pressure, surge pressure, and dead
loads (earth, pipe, and water). This condition may be used for field test pres-
sure also.

¢ Condition 4: a combination of earth load, pipe weight, and live load.

The reinforced concrete design shall be according to the applicable provisions
of ACI" 318, Building Code Requirements for Structural Concrete, with either the
Strength Design method or the Alternate Design method (with permissible service
load stresses) being used.

For the Alternate Design method, the service (design) loads are used and the
permissible service load stresses are as follows: the calculated compressive stress
in the concrete shall not exceed 0.45f 'c (the specified 28-day strength), and the allow-
able tensile stress in the reinforcement shall not exceed 22,000 psi (152 MPa) at the
sides of the pipe and 20,000 psi (138 MPa) for the crown and invert of ANS/AWWA
C300-type pipe, or 22,000 psi (152 MPa) for the crown and invert of ANSI/AWWA
C302-type pipe.

The Strength Design method procedures for ANSI/AWWA C300 and C302 are
demonstrated in this chapter.

For ANSI/AWWA C300-type pipe, the load factor shall be 1.8 for conditions 1 and
2, 1.35 for condition 3, and 1.2 for condition 4. For ANS/TAWWA C302-type pipe, the
load factor shall be 1.8 for conditions 1, 2, and 3, and 1.5 for condition 4. For both ANSI/
AWWA C300- and C302-type pipe, the capacity reduction factor shall be 1.0, and an
equivalent rectangular concrete stress distribution shall be used.

*  American Concrete Institute, P.O. Box 9094, Farmington Hills, MI 48333.
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For ANSI/JAWWA C300-type pipe, for conditions 1, 2, and 3, the design yield
strength of the steel reinforcement shall not exceed 40,000 psi (276 MPa) for the sides
of the pipe, and 36,000 psi (248.3 MPa) for the crown and invert of the pipe; for condi-
tion 4 the yield strength shall not exceed 40,000 psi (276 MPa).

For ANSI/AWWA C302-type pipe, for all four conditions, the design yield strength
of the steel reinforcement shall not exceed 40,000 psi (276 MPa).

The reinforcement for ANSI/AWWA C300-type pipe consists of a steel cylinder
and one or more cages. A typical pipe wall cross section is shown in chapter 2. The
cages are either circular or elliptical in shape and may be used singly or in combi-
nation. The cross-sectional area of the circumferential bar or wire reinforcement per
linear foot of pipe shall be no less than 40 percent of the total area of reinforcement
per linear foot of pipe. When the ANSI/AWWA C300-type pipe reinforcement consists
of a combination containing an elliptical cage, the cross-sectional area of the circular
reinforcement, including the steel cylinder, shall be no less than that determined by
Eq 7-1, using an allowable steel stress f, of 25,000 psi (172 MPa).

Steel reinforcement for ANSI/AWWA C302-type pipe consists of a single elliptical
cage, one or more circular cages, or a combination of an elliptical cage and one or more
circular cages. At least one of the cages must be circular in ANSI/AWWA C302-type
pipe designed for a working pressure of more than 22 psi (152 kPa) or in all ANSI/
AWWA C302-type pipe larger than 72 in. (1,830 mm) in diameter. An inner circular
cage and an outer circular cage must be used and may be combined with an ellipti-
cal cage in ANSI/AWWA C302-type pipe designed for working pressures of more than
45 psi (310 kPa). When the reinforcement for ANSI/AWWA C302-type pipe consists
of a combination of circular and elliptical cages and the working pressure exceeds
22 psi (152 kPa), the total cross-sectional area of the circular cage or cages shall not
be less than that determined by Eq 7-3, using an allowable steel stress £, of 25,000 psi
(172 MPa).

For design of single-cage circular reinforcement in ANSI/AWWA C302-type pipe,
the centroid of the steel reinforcement is assumed as the centerline of the pipe wall.

Step 8 Select the controlling maximum steel area for the invert (inner) and
side (outer). The total steel area must be equal to or greater than the
steel area required for the hydrostatic design. Increase the inner area,
outer area, or both sides to meet the required total. '

Step 9 Select appropriate bars or fabric to meet the design circumferential
steel areas and spacing. For ANSI/AWWA C300-type pipe, check to
ensure the area of rod reinforcement is at least 40 percent of the total
circumferential steel area. Check concrete cover over steel.

The minimum design clear concrete cover for either an outer circular cage or
for an elliptical cage at the horizontal axis for ANSI/AWWA C300-type pipe is 1% in.
(29 mm). This provides a concrete cover manufacturing tolerance of % in. (3 mm). For
the steel cylinder, the design clear cover shall be the nominal lining thickness desig-
nated by the manufacturer, but no less than the minimum lining thickness shown in
ANSI/JAWWA C300.

The minimum clear spacing between the circumferential reinforcing members in
ANSI/AWWA C300-type pipe is 1% in. (32 mm) or 1% times the maximum aggregate
size, whichever is greater. The maximum center-to-center spacing of circumferential
reinforcing members is % times the wall thickness or 4 in. (102 mm), whichever is
smaller.

For ANSI/AWWA (C302-type pipe with either double circular cages, an elliptical
cage, or a combination of an elliptical cage and one or more circular cages, the design
depth to the centroid of the tensile steel reinforcement shall provide a minimum clear
concrete cover of % in. (3 mm) (manufacturing tolerance) more than the minimum
specified in ANSI/AWWA C302.
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The minimum clear spacing between the circumferential reinforcing members in
ANSI/AWWA C302-type pipe is 1% in. (32 mm) or 1% times the maximum aggregate
size, whichever is greater. The maximum center-to-center spacing of circumferential
reinforcing members is 2 in. (51 mm) for pipe with wall thicknesses less than 3 in.
(76 mm). For pipe with wall thicknesses 3 in. (76 mm) or more, the maximum center-to-
center spacing is % times the wall thickness or 4 in. (102 mm), whichever is smaller.

Step 10  Check the reinforcement areas to be sure that the minimum
requirement of ACI 318 for flexural reinforcement (Sec. 10.5) is
being provided. The ACI 318 minimum reinforcement requirement
is the larger of 3/f_'( bdlf,, and 200bd/f,,, where b = 12 in.

Step 11 If ANSVAWWA C302-type pipe is to be installed on supports or in
any other condition that would create longitudinal bending, refer

to chapter 10, Design of Pipe on Piers.

Example Calculations for ANSI/AWWA C300-Type Pipe

Project requirements
* pipe diameter D, in. =
¢ internal pressure
— working pressure P, psi =
— surge pressure P , psi =
¢ external earth load
— height of earth cover H, ft =
— trench width B , ft =
— soil properties Ku' = Ku =
— unit weight of soil w, 1b/ft? =
e external live load W,
— AASHTO highway load =
— AASHTO impact factor I p
¢ installation criteria
— bedding angle, in degrees
- moment, thrust, and shear coefficients

Design information from specifications or manufacturer
¢ pipe wall thickness ¢, in.
¢ cylinder inside diameter (ID) Dyi, in.
e minimum cylinder thickness 3 =
» design yield strength for steel in crown and invert
1, PSL =
* design yield strength for steel at springline / , psi =
e average circumferential stress in steel with pipe at
working pressure f,, psi =

e average circumferential stress in steel with pipe at
working plus surge pressure f,, psi =

¢ minimum design concrete strength f, psi =

Step 1 Calculate the total circumferential steel area
internal pressure.

/.= 16,500 psi

60

75
25

5
B, +3.5

0.165
120

HS-20
1.0

90
Olander

6
63.38
16 ga. (0.0598 in.)

36,000
40,000

16,500

21,000
4,500

required to resist
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Using Eq 7-1 _6P,D,i  6(75)(63.38) _
Ag = 16,500 — 16,500

1.73 in.*/lin ft

Using Eq 7-2

A = 6(F, + B)D, _ 6(75 + 25)(63.38) _
s 21,000 21,000 -

1.811n.?/lin ft

Step2  (Used for ANSVAWWA C302-type pipe only.)

Step 3 Calculate the pipe weight and water weight.

Pipe weight, W = (n/4)[(OD pipe)’ — (ID pipe)] (pipe material unit weight)
W, = (/4)[(72/12)* — (60/12)*] (160 1b/ft*) = 1,382 1b/lin ft

Water weight, W= (n/4)(ID pipe)® (water unit weight)
W = (m/4)(60/12) (62.4 1b/ft’) = 1,225 1b/lin ft

Step4  Calculate the external earth load on the pipe. Refer to Equations 5-1 and
5-3 for formulas and definitions of variables.

OD pipe, B 60 + 2(6) = 72 in. or 6.0 ft

B B +35=6.0+35=95ft
CwBp2, C,=(1 — e #u)/[(2K)
[(1 — e 20-165X695))/(2(0.165))](120)(9.5)?
5,231 1b/lin ft

[

a
1] 1

Wd
Wd
Wd
Wc

= CwB? must find where height of plane of equal settlement
H, equals depth of cover H before solving for C.Set H = H_ in
Eq5-6 and user, = 0.5 and p = 1.0.

1 ( H, H, ) 0.5 | g2 m0 _ ¢
20165 " 160 " 60/ T 3] 20165

6 3
+l( Hz )2 + 0.5 ( He He )ezw,lés)m,ré.u)
_ (i)_i(i)_os(fﬂ)
2(0.165)16.0/ ~ 60160/~ "°16.0

Solving Equation 5-6, H, = 12.0 ft > H = 5 ft. Therefore, Eq 5-44 is
used to calculate C..

_ eZK,u(H/B() —_ 1
C. = 2Ku

62(0.165)(5/6.0) _ 1

2(0.165)

=0.959
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s =
1l I

W <

0.959 (120)(6.0)
4,144 1b/lin ft

<~ W, = 4,144 1b/lin ft

Step 5

W, (transition trench width has been exceeded)

Calculate the external live load, if any, on the pipe.

From Table 5-5, live load W, = 950 lb/lin ft at H = 5.0 ft.

Step 6

Calculate moments and thrusts for each load on the pipe, including
internal pressure. Calculate shear for pipe weight, earth load, and

live load.

Using the coefficients from Figure 7-1, calculate the moment, thrust, and shear in the

pipe wall as follows:
Moment = (Coefficient)(Load)(Radius)
Thrust = (Coefficient)Load)
Shear = (Coefficient)(Load)

The radius is calculated as follows:
r=0.5(D +¢) =0.5(60 + 6) = 33 in.

At invert (180° from crown):

Radius =

Coefficients for 90° Bedding F M
Load Thrust Moment
b/lin ft Thrust Moment blin ft in.-lb/lin ft

Component e (2) 3 Col. 1 x Col. 2 Col.1xCol.3xr
Pipe W, =1382 0.207 0.121 286 5,518
Water W =1.225 -0.270 0.121 -331 4,891
Earth W, =4,144 0.326 0.125 1,351 17,094
Total dead load 1,306 27,503
Live load W, =950 0.326 0.125 310 3,919

Pressure thrust, F,=- (Dm)(Pw or P) [(12 in./ft)/2]

P_=T5psi F, = —(6338)(75)(6) = -28,5211b/lin ft

P, =25psi: F, = - (6338)(25)(6) = -9,507 Ib/lin ft

At side (104° from crown for maximum moment for 90° bedding):
. o . F M
Load Coefficients for 90° Bedding Thrust Moment
/lin ft Thrust Moment W/lin ft in.-to/lin ft

Component (nH (2) 3) Col. 1 x Col. 2 Col.1xCol.3x7r
Pipe W, =1,382 0.295 0.088 408 4,013
Water W, =1225 —0.062 0.088 -76 3,557
Earth W, =4,144 0.539 0.089 2,234 12171
Total dead load 2,566 19,741
Live load W, =950 0.539 0.089 512 2,790

Pressure thrust, sz’ is calculated in the previous table and results in the same values at P_ and P,.
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At maximum shear (146° from crown for 90° bedding):

Load Shear Coefficient Shear Load
lin.ft for 90° Bedding Wlin ft
Component eY) 2 Col. 1 x Col. 2
Pipe W = 1382 0.264 365
Earth W, =4,144 0.276 1,144
Live load W, =950 0.276 262
Total shear load 1,771
Step 7 Calculate the required circumferential steel area for the invert and
the side for each of the three combinations of loads (condition 1,
condition 2, and condition 3) as defined on page 66. Calculate
minimum bar area for condition 4 with zero cylinder thickness.
The ACI 318 Strength Design method will be used. The following table summarizes
moments and thrusts from step 6 for the three combinations of load conditions.
Components
Dead
Condition Loads + w, + P, + P, = Total
Condition 1
(No surge pressure)
Invert moment M 27,503 3,919 31,422 in.-Ib/lin ft
Invert thrust ¥ 1,306 310 -28,521 0 -26,905 Ib./lin ft
Side moment M 19,741 2,790 22,531 in.-1b/lin ft
Side thrust F 2,566 512 -28,521 0 —25,443 b/lin ft
Condition 2
(No pressure)
Invert moment M 27,503 3,919 31,422 in.-1b/lin ft
Invert thrust ¥ 1,306 310 0 0 1,616 Ib/lin ft
Side moment M 19,741 2,790 22,631 in.-1b/lin ft
Side thrust F' 2,666 512 0 0 3,078 1b/lin ft
Condition 3
(No live load)
Invert moment M 27,503 0 27,503 in.-lb/lin ft
Invert thrust F 1,306 0 -28,621 -9,507 -36,722 Ib/lin ft
Side moment M 19,741 0 19,741 in.-1b/lin ft
Side thrust F' 2,566 0 -28,5621 -9,507 -35,462 1b/lin ft
Condition 4 *
Invert moment M 22,612 3,919 0 0 26,5631 in.-1b/lin ft
Invert thrust ¥ 1,637 310 0 0 1,947 1b./lin ft
Side moment M 16,184 2,790 18,974 in.-1b/lin ft
Side thrust F' 2,642 512 3,154 1b/lin ft
Shear 1,509 262 1,771 Ib/lin ft

* This condition does not control the design. The steel area for condition 4 is used to check against the maximum steel area for radial

tension capacity.
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Note: For 90° bedding angle the maximum moment and shear side coefficients are 104’ from the top and
maximum shear coefficients are 146° from the top.

Moment* Thrust Shear
Side invert Side Invert 148" from top
Pipe Weight 0.088 0.121 0.295 0.207 -0.264
Water Weight 0.088 0121 -0.062 ~0.270 -0.264
External Load 0.089 0.125 0.53¢ 0326 -0.276

Tension in extemnal face at side
Tension in internal face at invert
Compression

Sign conventions:  Positive moment

[T

Positive thrust

* The sign of the moment coefficients at the invert in the Olander reference was changed from negative to positive because the sign
convention in the Olander reference is different from the sign convention defined in the table; in the Olander reference, the moment
coefficient is positive when the moment creates compressive stress on the inside face of the pipe, and negative when the moment
creates tensile stress on the inside face of the pipe.

Figure 7-1  Olander moment, thrust, and shear coefficients for 90° bedding angle

The moments and thrusts are factored to establish the ultimate design conditions.
The following factors are used:

Load factor, conditions 1 and 2, Lf =1.8

Load factor, condition 3, L =135
Load factor, condition 4, Lf = 1.20
Strength reduction factor, ¢ =1.0

The strength reduction factor ¢ is 1.0 for precast manufacturing; thus, ¢ is omitted
from the design equations.

Figure 7-2 pictorially defines variables used in the calculation of the ultimate moment
M,

My =L M+ LFd" (Eq 7-6)
Summing moments at the centerline of the tensile reinforcement shown in
Figure 7-2 yields

+M,, — 0.85f ba(d — a/l2)=0 (Eq 7-7)
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Solving Eq 7-7 for the compression block depth a

_ql1 = o[ 2M. (Eq 7-8)
a=dl-l (0.85f;bd2) K

When dimension a is negative, tension exists across the entire pipe wall and the tensile
steel is proportioned between the inner and outer steel reinforcement. The method of
proportioning tensile steel that follows is described by Harris (1975). See Figure 7-3 for
the dimensions necessary for proportioning.

Proportioning steel for tension across the entire pipe wall is accomplished as follows:

The inner A ; is obtained by taking moments about s at the invert of the pipe.
A,1d,~d)=Pitd~d ~e) (Eq 7-9)
A, =[Pid~-d ~e)/[fd -d) (Eq 7-10)

8
l«—d—-a/2—> \“LF)O
2 :
(o}
N h sid
e
L_ F _v |
8.0 '
Side o™
Section \ Y +
a
\ i Q\O\
Tensile g8 '
Face y Q ‘\ Invert
\dno\ v A+ Api=As; Pipe Section
l Tensile Face b = 12in. = Pipe Section Width
ADO :ASQ 60 /
— Asifyi

N
d° > M )
/ P Q
TONAN
© A Strains for
_¢ Cb Balanced Condition
L ¥ at Invert
4 _»! O.$5 - 0.85f¢:ba 0.003 o = 0.003 d
fe 0.003 +f, /Es
. _ _ 87,000d
Invert Section = 787,000+ F,

Note: For configurations where multiple cages are used for either the inner or outer reinforcement, or where the inner reinforcement is

a cage plus a steel cylinder for pipe manufactured to ANSI/AWWA C300, the effective depth must be adjusted to accommodate the
corrected neutral axis for that reinforcement combination.

Figure 7-2  Force diagrams for reinforced concrete pipe design
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Asi fy/

P.i (Applicable at Invert)

Figure 7-3  Section for proportioning tensile steet

Where:

e, = M,ilP,i (Eq 7-11)

The outer A_ is obtained by taking moments about i at the side of the pipe:

A fd~d )=Ps(d-d —e) (Eq 7-12)
A,=[Psd,~d —e)l/[fd~d) (Eq 7-13)

Where:
e, =M, sIPs (Eq 7-14)

Refer back to Figure 7-2. The stress in the steel reinforcement is set at the steel yield
strength for ultimate design conditions as required by ACI 318, the thrust force F in
Figure 7-2 can be replaced by the ultimate design thrust P , where P = L F, and thrust
forces at the sections shown in Figure 7-2 can be summed as follows:

+P,+ A4, f,-085 ab=0 (Eq 7-15)
Solving Eq 7-15 for A,

A= [(0.85F, ab)/f)] - (P, /f)) (Eq 7-16)

ACI 318 also limits the maximum area of reinforcing steel for flexural members, and
for members subject to combined flexure and compressive axial load when the design
axial load is less than certain limits, to not more than 75 percent of the area of steel
that would produce balanced strain conditions for the section under flexure without
axial load. This limitation is applied to concrete pressure pipe. Balanced strain in a
section is defined by ACI 318 as the condition when tension reinforcement reaches the
strain corresponding to its specified yield strength f just as concrete in compression
reaches its assumed maximum strain of 0.003. As shown in Figure 7-2, this condition
exists when the dimension ¢ from the neutral axis to the fiber of maximum compres-
sive strain is set to the value

¢, = 87,000 d/(87,000 +£) (Eq 7-17)
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ACI 318 also defines the compression block depth a equal to B,c, where B, is defined by
ACI 318 as

B, = 0.85for f’ <4,000 psi
0.85 -0.05 [(f'c —4,000)/1,000] for 4,000 psi < f’c < 8,000 psi (Eq 7-18)
0.65 for f_ > 8,000 psi

Replacing the compression block depth a in Eq 7-16 with B c,, where c, is defined by Eq
7-17, and multiplying the resulting area of steel for balanced strain conditions by 75
percent, gives the following ACI 318 maximum limit for steel area:

Amax = 0.75{[(0.85 1 ' bB,)/£1[87,000 d/(87,000 + £)] - (P, /f))} (Eq 7-19)

If A is greater than A max, compression steel is required. This condition rarely, if ever,
applies to concrete pressure pipe, and design for such is not illustrated by the selected
examples.

The maximum flexural reinforcement without stirrups for condition 4 is
limited by radial tension. For US customary units, the following equation must be
satisfied:

A,max=16rF F (® /0 )f DL, (Eq 7-20)
Where:
A, max = maximum flexural reinforcement without stirrups, in.?/ft
r, = radius of inside bar reinforcement, in.
" = 1+ 0.008333(72 — D)2 for D <72 in.
= 0.8+ (144 — D)*/26,000 for 72 in. < D < 144 in.
= 0.8forD > 144 in.
F, = 1.0 unless a higher value is established
® /®, = ratio of resistance factors for radial tension and flexure
= 10
' = compressive strength of concrete, psi (maximum 7,000 psi)
fy = yield strength of reinforcement, psi

= 40,000 psi
Equation 7-20 can be rewritten as:
A max = 16rF (f ')'%/40,000 {Eq 7-21)

Shear load for condition 4 can be determined by multiplying the earth, pipe weight,
and live load by Olander’s maximum shear coefficient.

The shear stress can be determined as follows:

v,=(V,+V, +V)lbd (Eq 7-22)
Where:
V= earth shear load, Ib/ft
V, = live load shear, Ib/ft

<
I

pipe shear load, 1b/ft
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b = 12in.
d = effective depth for inner cage, in.
Shear capacity or allowable shear stress is:
V=B )" (Eq 7-23)
Where:

B = approximately 2, for additional information refer to AASHTO
Standard Specifications for Highway Bridges, 17th Edition, 2002,

f', = concrete compressive strength, psi (maximum 7,000 psi)

Table 7-1 provides a convenient view of the required strength method calcula-
tions for each of the design conditions. Because a is negative for conditions 1 and 3,
tensile steel must be proportioned between the inner and outer reinforcement using Eq
7-10 through Eq 7-14 as follows:

Condition 1 Condition 3
Invert
e, (Eq 7-11) —3,976 _ . — 24,840 .
A (Eq 7-10)
48,429 (4.25 — 1.375 — 0.082 49,575(4.25 — 1.375 — 0.501
36,000 4625 — 1.75 36,000 4.625 — 1.75
A, 1.31 in.Ylin ft 1.14 in.2/lin ft
Side
e (Eq 7-14) —33,864 _ . —51,145 A
W = 0739 m. m = 1068 1n.
A (Eq7-13) 45,797 [4.625 — 1.75 — 0.739 47,874 (4625 — 1.75 — 1.068)
40,000 425 — 1375 40,000 425 = 1.375
A 0.86 in.?/lin ft 0.76 in.#lin ft

§0

Step 8 Select the controlling maximum steel area for the invert and side.
Check to see that the total steel area will be sufficient for the hydro
static design. Check radial tension and shear capacity.

Design Summary, ANSI/AWWA C300-type pipe

Combined Load Designs

Condition1 A, = 1.31in.%lin ft (controls)
A = +0.86 in.%lin ft (controls)
A = 217in¥linft

8§
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Table 7-1  Tabulation of strength method design for ANSI/AWWA C300-type pipe
Load Moment Thrust M, =
Invert (i) Factor M,=LM P =LF d° M, +Pd" d 2M.u a  085f.pB 87,0004 A Agmax  0.85f.ab A
Cond. orSide(s) L, in-iblinft Wlinft in in-lblinft in. 0.85f.bd* in. — g 87,000 + £ S, imHtinft Tf inflingt
1 Invert (i) 1.80 56,560 —48429  1.250 -3,976 4250  -0.0096  -0.020 * 1.31
1 Side(s) 1.80 40,556 45797 1.6256 -33,864 4625  —0.0690  -0.157 * 0.86
2 Tnvert (i) 1.80 56,560 +2,909 1250  +60,196  4.250  +0.1452  +0.321 1.148 3.081 0.088 259 0.446 0.33
2 Side(s) 1.80 40,556 +5,540 1.625  +49,559  4.625  +0.1010  +0.240 0.947 3.168 0.139 2.15 0.275 0.14
3 Invert (i) 1.35 37,129 49575 1250 24,840 4250  -0.0599  —0.125 * 114
3 Side(s) 1.35 26,650 47874 1625 51,145 4625  -0.1042 —0.235 * 0.76
4 TInvert (i) 1.20 31,837 2,336 1000 34,173 4000  +0.093  +0.191  0.947 2.740 0.068  1.90 0.219 0.16
4 Side(s) 1.20 22,769 3,785 1.625 28920 4625  +0.059  +0.139  0.947 3.168 0095 217 0.160 0.07
Pipe ID, D =60 f; = 36,000 psi
. : £, = 40,000 psi :
Wall dimensions: o _ a=d(l - /1 - 2M.)I(085f bd))
= 6.00 in. S, = 4,500 psi
- 12in. B, = 0.85-0.052 = 0.825 in.
= 4.250in. at Cyl. OD If a < 0, there is tension through the wall.
= 4,625 in.
d’. = 1750in )
‘ in. 0.85f-bB:( 87,000d P,
’ = A max = ) - &
d’, = 1375in. . . 0-75[ T (87,000 + f,) I3
d” = d-05t=4250-3 = 1.250 in.
d” = d -05t=4625-3 = 1.625in.

For condition 4:
1.75+0.25=2.0in.

d,
d

7
a’,

r

5

Il

4.0in.
4-3=1.0in
2+30=321n.

_085flab P,

A==

If A, > A max, compression steel is required.

*See end of step 7 of C300 design example.
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CONCRETE PRESSURE PIPE

Condition 2 A, = 033in%lnft
A = 014in%linft
Condition 3 A, = 114in%linft
A, = 0.76inYlnft
Condition 4 A, = 0.16in%lnft
» = 0.07in*lin ft
Hydrostatic Designs
Eq7-1:. A= 1.73 in.¥lin ft
Eq 7-2: A= 1.81 in.#lin ft

Radial Tension Check, Eq 7-21: A max = 1.89 in.%lin ft > 0.16 in.*/lin ft (condition 4)
The wall has adequate radial tension capacity for this design.

Shear Check, Eq 7-22 and 7-23: 1771(1.2)
Y= T120d)

V.=B/f. =2/4500 = 134 psi

The wall has adequate shear capacity for this design.

If the pipe wall is not adequate for the radial tension and/or shear loads, either
the pipe wall thickness, the concrete compressive strength (f'), or both must be in-
creased. The addition of stirrups is impractical in an ANSI/AWWA C300 pipe. The
pipe supplier should be contacted concerning the practicality and limits for increasing
either the pipe wall thickness or the compressive strength of the concrete.

= 44.3 psi

Step 9 Select appropriate bars or fabric to meet the design circumferential
steel areas. For ANSI/AWWA (C300-type pipe, check to see that the
area of bar reinforcement is at least 40 percent of the total
circumferential steel area. Check concrete cover over steel.

Condition 1 controls the total steel area.

Inner steel area A, = 131in#linft
Outer steel area A = +0.86 in.?/lin ft
Total steel area A, = 2.17 in¥lin ft
Inner steel distribution:
A=A +A_
st ¥y bi
Choose A = 090 in.%lin ft (cylinder area of a 14-ga cylinder)
Abi = Asi -—Ay

= 1.31-0.90
A, = 0.41in¥lin ft (bar area) > 0.16 (condition 4)
Note that if the calculated A, is less than 0.16 or negative, the required
value for A, defaults to the required value from condition 4 (i.e,,
0.16 in.#lin ft).
d,, = % in.(bar diameter)
c—¢ = 3.23 in. (bar spacing)
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DESIGN OF REINFORCED CONCRETE PRESSURE PIPE 79

Now that the values of A , A, , and d,, have been selected, the actual centroid of the
inner line of reinforcing steel must be checked against the assumed centroid (d).

From the invert design for conditions 1, 2, and 3, the value of d, used for design
was 4.25 in. (see Table 7-1). From the actual steel cylinder diameter, steel cylinder
thickness, inside bar area, and bar diameter, the actual d, value can be calculated as
follows:

A_v(D'w -D+ ty) + Abi(Dyi — D + du + l})

— 2 2
d=1 At A,

0.90(63.38 - 60 + 0.0747) 4 0.41(63.38 —604+0.5 4 0.0747

=6 — 2 2

0.90+0.41
= 4.18in. ¥ 4.251in.

If the actual value of d, were significantly different from the value used in design,
the design conditions using d, in the calculation of A, would have to be recalculated
until the assumed d, and the actual d, were in close agreement.

Outer steel:
Choose d

bo
c—C

¥ in. (bar diameter)
2.74 in. (bar spacing)

Design concrete cover over outer cage is:
t —d - (d,/2) = 1.125in,, allowable design minimum, meets
requirements

The center-to-center (c—c) spacing of 3.23 in. for the inner bar reinforcement and 2.74
in. for the outer bar reinforcement result in a clear spacing greater than 1.25 in. and
are both less than the maximum c-¢ spacing of 4.00 in., therefore meeting the require-
ments of the criteria in step 9 on page 67.

Percentage of bar reinforcement to total reinforcement:

(0.41 + 0.86)/(0.41 + 0.90 + 0.86) = 0.59 > 0.40, meets requirements.

Step 10 Check the A, and A  values against the minimum reinforcement
requirement of ACI 318, Sec. 10.5:

For the check of A ,d = d, = 4.25 in.

ACI 318 min. AS

3/ fibd = f, = 3,/4,500 x 12 X 4.25 + 40,000
0.257 in.?/lin ft

ormin.A, = 200bd = f, = 200 X 12 X 4.25 + 40,000
= 0.255in.%lin ft
Calculated A, = 131>0.2570K
For the check of A_,d =d = 4.625 in.
ACI318min. A, = 3/ bd =+ f, = 3,/4500 x 12 X 4.625 + 40,000
= 0.279in.%lin ft
or min. A_ = 200bd + f, = 200 X 12 X 4.625 = 40,000

0.277 in.*/lin ft
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80 CONCRETE PRESSURE PIPE

Calculated A, = 0.86 > 0.279 OK
Figures 7-2 and 7-3 show dimensions of d,d,, and d.

Example Calculations for ANSI/AWWA C302-Type Pipe

Project requirements

¢ pipe diameter D, in. = 60
o internal pressure
~ working pressure P , psi = 22
~ surge pressure P, psi =9
¢ external earth load
— height of earth cover H, ft =5
— trench width B , ft =B +35

— soil properties Kn' = Kn = 0.165

— unit weight of soil w, 1b/ft? = 120
e external live load W,
— AASHTO highway load = HS-20
— AASHTO impact factor 1 p = 1.0
¢ installation criteria
— bedding angle, in degrees = 90
— moment, thrust, and shear coefficients = Olander
Design information from specifications or
manufacturer
e pipe wall thickness ¢, in. =6
* design yield strength for steel reinforcement f,,, psi = 40,000
¢ average circumferential stress in steel with pipe at
working pressure f,, psi = 16,500 - 75P
» average circumferential stress in steel with pipe at
working plus surge pressure f,, psi = 16,500
e average circumferential tensile stress in ANSI/AWWA
C302-type pipe wall concrete f, , psi < 45 ‘/—f"
e minimum design concrete strength £, psi = 4,500

Step 1 Calculate the total circumferential steel area required to resist
internal pressure.

Using Eq 7-3
__ 6PD  _ 6(22)60 sz
A= 16500 — 75P, = 16,500 - 75(22) ~ >3 nH/hint
Using Eq 7-4
a = SBLPID_ 6224 9060 _ 682 i 1

16,500 16,500

Step 2 Calculate the circumferential tensile stress in the pipe wall concrete
resulting from working plus surge pressure to determine if the
assumed wall thickness is acceptable.
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DESIGN OF REINFORCED CONCRETE PRESSURE PIPE
Using Eq 7-5

£ = (P,+P)D (22 + 9)60
A T S ¥ ()

= 155 psi

maximum f, = 4.5/4,500 = 302 psi, wall thickness is acceptable

Step 3 Calculate the pipe weight and water weight.

Pipe weight, W= (/4)[(OD pipe)* — (ID pipe)’] (pipe material unit weight)
W= (m/DH[(72/12)* — (60/12)7] (160 1b/f?) = 1,382 1b/lin ft

Water weight, W= (n/4)(ID pipe)* (water unit weight)
W = (r/4)(60/12)* (62.4 Ib/ft’) = 1,225 1b/lin ft

81

Step 4 Calculate the external earth load on the pipe. Refer to'Eq 5-1 and

Eq 5-3 for formulas and definitions of variables.
B, = 60+2(6)="72in.or 6.0 ft
B, =B +35=60+35=951t
= CwB2 C, = (1 — e ) (2Ku")
= [(1 _ e—2(0A165)(5/9A5))/(2(0.165))](120)(9‘5)2
W, = 5,231 1b/lin ft
W, = CwB? find where height of plane of equal settlement (H ) equals

c

OD pipe,

L4
w

SN

£

depth of cover (H) before solving for C_. Set H = H, in Eq 5-6 and use

r,=0.5andp=1.0.

W, = 0.959 (120)(6.0)?

W = 4,144 1b/lin ft

W_ < W, (transition trench width has been exceeded.)
W, = 4,144 1b/lin ft

~W,
Step 5 Calculate the external live load, if any, on the pipe.
From Table 5-5, live load W, = 950 Ib/lin ft at H = 5.0 ft.

Step 6 Calculate moments and thrusts for each load on the pipe, including

internal pressure. Calculate shear for pipe weight, earth load, and live load.

Using the coefficients from Figure 7-1, calculate the moment, thrust, and shear in the

pipe wall as follows:

Moment = (Coefficient) (Load) (Radius)
Thrust = (Coefficient) (Load)
Shear = (Coefficient) (Load)

The radius is calculated as follows:
Radius = r=0.5(D +¢) = 0.5(60 + 6) = 33 in.
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82 CONCRETE PRESSURE PIPE

At invert (180° from crown):

Coefficients for 90° Bedding F M
Load, Thrust, Moment,
Iblin ft Thrust Moment b/lin ft in.-lb/lin ft
Component (D 2) 3) Col.1xCol.2 Col1xCol3xr
Pipe W =1,382 0.207 0.121 286 5518
Water W =17225 -0.270 0.121 -331 4,891
Earth W, =4,144 0.326 0.125 1,351 17,094
Total Dead Load 1,306 27,503
Live Load W, = 950 0.326 0.125 310 3,919
Pressure thrust, sz = —(D)P or P) [(12 in /ft)/2]
P, = 22psii  F, = —(B0)(22)(6) = ~7.920 Ib/lin ft
P = 9psit  F, = —(60)(9)(6) = —3,240 Ib/lin ft
At side (104° from crown for maximum moment for 90° bedding):
Coefficients for 90° Bedding F M
Load, Thrust, Moment,
b/lin ft Thrust Moment b/lin ft n.-b/din ft
Component o)) 2 3 Col. 1 x Col. 2 Col.1xCol.3xr
Pipe Wp =1,382 0.295 0.088 408 4,013
Water W =1225 -0.062 0.088 -76 3,657
Earth W, =4,144 0.539 0.089 2,234 12171
Total dead load 2,566 19,741
Live load W, =950 0.5639 0.089 512 2,790
Pressure thrust, Fpt, is calculated in previous table and results in the same values at P_ and P,.
At maximum shear (146° from crown for 90° bedding):
Load, Shear Coefficients Shear Load
Wlin ft for 90° Bedding b/lin ft
Component )] (2 Col. 1 x Col. 2
Pipe W =1,382 0.264 365
Earth W, =4,144 0.276 1,144
Live load W, =950 0.276 262
Total shear load 1,771

Step 7

Calculate the required circumferential steel area for the invert and

the side for each of the three combinations of loads (condition 1,
condition 2, and condition 3) shown on page 66.

The ACI 318 Strength Design method will be used. The following
table summarizes moments and thrusts from step 6 for the three
combinations of load conditions.
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Components
Condition Dead Loads + W, + P, + P = Total
Condition 1
(No surge pressure)
Invert moment M 27,503 3,919 31,422 in.-1b/lin ft
Invert thrust F 1,306 310 7,920 0 —-6,304 Ib./lin ft
Side moment M 19,741 2,790 22,531 in.-1b/lin ft
Side thrust F' 2,566 512 7,920 0 —4,842 1b/lin ft
Condition 2
(No pressure)
Invert moment M 27,503 3,919 31,422 in.-1b/lin ft
Invert thrust F 1,306 310 0 0 1,616 1b/lin ft
Side moment M 19,741 2,790 22,5631 in.-1b/lin ft
Side thrust F' 2,566 512 0 0 3,078 Ib/lin ft
Condition 3
(No live load)
Invert moment M 27,503 0 27,503 in.-1b/lin ft
Invert thrust F 1,306 0 -7,920 -3,240 -9,854 1b/lin ft
Side moment M 19,741 0 19,741 in.-Ib/lin ft
Side thrust F 2,566 0 -7,920 -3,240 -8,594 Ib/lin ft
Condition 4 *
(No water)
Invert moment M 22,612 3,919 26,631 in.-Ib/lin ft
Invert thrust F 1,637 310 0 0 1,947 1b/lin ft
Side moment M 16,184 2,790 18,974 in.-Ib/lin ft
Side thrust I 2,642 512 0 0 3,154 b/lin ft
Shear 1,509 262 1,771 Ib/lin ft

* This condition does not control the design. The steel area for condition 4 is used to check against the maximum steel area for radial

tension capacity.

The moments and thrusts are factored to establish the ultimate design condi-
tions. The following factors are used:

Load factor, conditions 1, 2, and 3, Lf = 1.8
Load factor, condition 4, L ;= 1.5
Strength reduction factor, 0 1.0

The capacity (strength) reduction factor ¢ is 1.0 for precast concrete manufactur-
ing; thus, ¢ is omitted from the design equations.

The reinforced concrete design assumptions, procedures, and equations in step 7
of the ANSI/JAWWA C300 example calculations shown previously in this chapter also
apply to ANS/AWWA C302-type pipe. Table 7-2 provides a convenient view of the re-
quired strength method design calculations for each of the conditions.

Step 8 Select the controlling maximum steel area for the invert and side.
Check that the total steel area is sufficient for the hydrostatic design.

Check the radial tension and shear capacity.
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Table 7-2  Tabulation of strength method design for ANSI/AWWA C302-type pipe

Load Moment Thrust M, = ,
Invert (i)  Factor M,=LM P,=LF d’ M +Pd” M. a 0.85f". bB, 87,000d L Agmax 085 ab Ag
Cond. or Side (s) L, in.-bdin ft /in ft in. in.-lb/lin ft W in. £, 87,000 + £ ¥é v nlin ft f. inlin ft
1 Invert (7) 1.8 56,560 -11,347 1.625 38,121 0.0777 0.183 0.947 3.168 -0.284 2.46 0.210 0.50
1 Side (s) 1.8 40,556 -8,716 1.6825 26,393 0.0538 0.126 0.947 3.168 -0.218 2.41 0.145 0.37
2 Invert (i) 1.8 56,560 +2,909 1.625 61,287 0.1248 0.298 0.947 3.168 -0.073 2.20 0.342 0.27
2 Side (s) 1.8 40,556 +5,540 1.625 49,559 0.1010 0.240 0.947 3.168 -0.139 2.15 0.275 0.14
3 Invert (7) 1.8 49,505 -17,737 1.625 20,682 0.0421 0.098 0.947 3.168 -0.443 2.58 0.112 0.56
3 Side (s) 1.8 35,634 -15,469 1.625 10,397 0.0212 0.049 0.947 3.168 -0.387 2.564 0.056 0.45
4 Invert (%) 1.5 39,797 2,920 1.625 44,542 0.081 0.191 0.947 3.168 0.073 2.20 0.219 0.15
4 Side (s) 1.5 28,461 4,731 1.625 36,149 0.058 0.136 0.947 3.168 0.118 2.16 0.156 0.04
Pipe ID, D =60 in £, = 40,000 psi
b . b >
o ’ a=d(l - /1= (Q2M,)1(085 . bd?)
Wall dimensions: f. = 4,500 psi
t = 6.00i1n. — — ; . .
b= 12in B, = 0.85-(0.052) = 0.825 in. If a £ 0, there is tension through the wall.
d, = 4.625in.
d = 4.625in. ,
o A max < 075|085 kB ( 87,0004 \ B,
d’. = 1375in. : ' f 87,000 +£) £
R .
d”o - 1.375 n. ) AJ _ 085f’(ab B &
d’ = d-0.5t = 1.625in. = I3 7
,,l i . ¥ Y
d” =d 05t = 16251n,

For condition 4:
v, = 1.375+30=31375in.

If A > A max, compression steel is required.
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DESIGN OF REINFORCED CONCRETE PRESSURE PIPE 85

Design Summary, ANSI/AWWA C302-type pipe
Combined Load Designs

Condition1 A_ = 0.50 in¥lin ft
A_ = 0.37in%hn ft
Condition2 A, = 0.27 in.%lin ft
A = 0.14in*linft
Condition 3 A, = 0.56 in.%lin ft (controls)
A = +0.45 in.%lin ft (controls)

SO

A = 1.01in%¥hnft

s

Condition4 A, = 0.15in.%linft

A = +0.04in%lin ft
Hydrostatic Designs
Eq 7-3: A, = 0.53inlinft
Eq 7-4: A = 0.68in%ln ft
Radial Tension Check, Eq 7-21: A max = 1.85 in.%lin ft

The wall has adequate radial tension capacity for this design.
Shear Check, Eq 7-22 and 7-23:

b= 1,771(L.5)
* T 12(4.625)

V.=B/f =2/4,500 = 134 psi

= 47.9 psi

The wall has adequate shear capacity for this design.

If the pipe wall is not adequate for the radial tension and/or shear loads, either
stirrup reinforcement must be added, the pipe wall thickness must be increased, the
concrete compressive strength (f') must be increased, or some combination of these
three solutions must be used. The pipe supplier should be contacted concerning the
practicality of any of these changes.

Step 9 Select appropriate bars or fabric to meet the design
circumferential steel areas and spacing. Check concrete
cover over steel.

For condition 3, A_=1.01 in.%lin ft is greater than the hydrostatic design control
A = 0.68 in.¥lin ft. Therefore, the final design areas are from condition 3. A bar cage
for the inner area must have

A= 0.56 in.¥/lin ft > 0.15 in./lin ft (condition 4)
Choose 716-in. diameter bar. For d,, = 716 in., each bar area is 0.150 in.? and the

spacing c—c is 3.21 in. The clear spacing between bars is 2.77 in. (3.21 — 0.44), which
meets the requirements of step 9 on page 67.
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Check the design clear cover for a bar diameter of 716 in. to be sure it is a mini-
mum of 1 in. required by ANSI/TAWWA C302 plus the “%-in. manufacturing tolerance
required:

t~d —(d,/2)=1.156 in. > 1.125 in., meets requirements

For the outer steel area

A _=0.45inlin ft

Choose the 716-in. diameter bar. For d,, = 716 in., the spacing c—c is 4.00 in.

The c—c spacing of 3.21 in. for the inner bar reinforcement is less than 4.00 in.,
and the c—c spacing of 4.00 in. for the outer bar reinforcement is equal to or less than
4.00 in. Therefore, both bar cages meet the criteria for c—c spacing in step 9 on page
67.

Design clear concrete cover for the outer cage is also 1.156 in. > 1.125 in., and
therefore meets requirements.

The steel areas could be supplied as reinforcing steel cages made from bar rein-
forcement or wire fabric.

Step 10 Check the A and A values against the minimum reinforcement
requirement of ACI 318, Sec. 10.5:

For the check of A and A ,d = 4.625 in.

ACI318min. A = 3./f.bd+f, = 3,/4,500 x 12 X 4.625 = 40,000
= 0.279 in¥lin ft
ormin. A, = 200bd + f, = 200 X 12 X 4.625 + 40,000
= 0.277 in.?in ft
Calculated A = 0.56>0.279 OK
Calculated A = 0.45>0.279 OK

DESIGN PROCEDURE FOR SEMIRIGID PIPE (ANSI/AWWA C303-
TYPE PIPE)

The semirigid pipe design procedure for ANSI/AWWA C303-type pipe involves the fol-
lowing steps:

Step 1 Select a steel cylinder thickness equal to or greater than the ANSI/
AWWA C303 minimum. Calculate the total circumferential steel area
required to resist internal pressure using the hoop tension
Eq 7-1 for working pressure and Eq 7-2 for working pressure plus surge
pressure.

The hydrostatic design steel area is the maximum A_ obtained
from Eq 7-1 and Eq 7-2. For ANSVTAWWA C303-type pipe, f, = 18,000
psi or 0.5 times the minimum specified yield strength of the cylinder
steel, whichever is less, and f,, = 27,000 psi or 0.75 times the minimum
specified yield strength of the cylinder steel, whichever is less.

Step 2 Calculate the cylinder steel area and place the remaining required
steel area in the bar by selecting a bar diameter and bar spacing
within the following limits established in ANSI/AWWA C303:
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e The area of bar reinforcement shall not exceed 60 percent of the total area of
circumferential reinforcement.

o The area of bar reinforcement shall not be less than 0.23 in.%lin ft.
¢ The ¢ bar spacing shall not exceed 2 in.

e The area of bar reinforcement in square inches per linear foot of pipe wall
shall be numerically equal to at least 1 percent of the inside diameter of the
pipe, in inches.

e The design clear space between bars shall not be less than the diameter of
the bar used.

e The bar diameter shall not be less than 74 in.

Step 3 Calculate the total external load on the pipe.

External loads must be computed in accordance with
recognized and accepted theories, such as those presented in
chapter 5.

Step 4 Determine if the total external load is less than either the maximum
allowable external load for minimum designs in Table 7-3 or the
maximum allowable external load for the actual design as calculated
by Eq 7-24. If either condition is met, then the selected pipe design
meets the project requirements.

The maximum allowable external load W for a given semirigid
(bar-wrapped) pipe design is the load producing the limiting pipe
deflection D?4,000, where D is the inside diameter of the pipe in
inches. Experimental and field observations have shown Spangler’s
Iowa deflection equation for flexible pipe may be applied to semi-rigid
design. The formula for deflection is

3
tr = DRV (Eq 7-24)

Where:

Ax = horizontal deflection of pipe, in.

D, = deflection lag factor = 1.0

& = bedding constant

W = total external dead plus live load, Ib/lin ft of pipe length

r = mean radius of pipe wall, in., calculated as 0.5(D + t), where D is the

inside diameter of the pipe, in., and ¢ is the pipe wall thickness, in.

EI = pipe wall stiffness, in.-1b, where, for ANSI/AWWA C303-type
pipe, E is the modulus of elasticity of cement mortar, taken as
4,000,000 psi, and I is 25 percent of the transverse moment of inertia of
the composite wall section of the pipe, in.*/in. of pipe length

E’ = modulus of soil reaction, psi

* Avwvalue of 1.0 for D, is used in Eq 7-24 in recognition of the conservative values being used for pipe stiffness (EI) and allowable de-
flection (Ax) in the same equation. The I-value is 25 percent of the pipe wall's moment of inertia and the allowable deflection in inches
is D%4,000, which is less than 2 percent deflection for all pipe sizes permitted by ANS/AWWA C303.
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Table 7-3  Allowable external load for ANSI/AWWA C303-type pipe* of minimum class
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Bedding Type S1 Bedding Type S2 Bedding Type S3 Bedding Type S4
Pipe Bar Wrap E’ used: 200 psit E’ used: 400 psi’ E’ used: 700 psif E’ used: 1,000 psi'
ID Class Cyl.thk.  Dia. A, W H, H, w H, H_ w H, H, w H, H,
in. psi  gaorin. in. in2lft  (b/lnft) ft ft Ib/lin ft ft ft b/lin ft ft ft b/linft ft ft
10 251 16 V32 0.23 5,930 >50 29 6,390 >50 31 7,020 >50 35 7,500 >50 37
12 213 16 V32 0.23 5,340 >50 23 5,770 >50 25 6,370 >50 27 6,840 >50 29
14 187 16 V32 0.23 4,450 32 17 4,840 >50 18 5,390 >50 20 5,840 >50 22
16 164 16 732 0.23 4,440 22 15 4,860 32 16 5,450 >50 18 5,930 >50 20
18 144 16 Vs2 0.23 5,440 34 16 5,960 >50 18 6,680 >50 20 7,290 >50 22
20 130 16 V32 0.23 5,080 21 14 5,590 28 15 6,330 >50 17 6,960 >50 19
21 124 16 V32 0.23 4,920 18 13 5,430 23 14 6,190 37 16 6,840 >50 18
24 133 14 V32 0.24 4,410 12 10 4,950 15 11 5,740 21 13 6,450 29 15
27 122 14 V82 0.27 4,750 12 10 5,620 17 12 6,430 22 14
30 113 14 Va 0.30 4,810 11 9 5,790 15 11 6,710 20 13
33 106 14 Va 0.33 4,640 10 8 5,720 13 10 6,760 18 12
36 114 13 Va 0.36 4,530 9 7. 5,730 12 9 6,910 16 11
39 108 13 va 0.39 Not 5,800 11 9 7,130 15 11
42 115 12 V4 0.42 Recommended 5,930 11 8 7,430 15 10
45 109 12 Va 0.45 for These Diameters 6,110 10 8 7,780 15 10
48 104 12 Va 0.48 6,330 10 8 8,200 15 10
51 121 10 V4 0.51 6,620 10 8 8,700 15 10
54 116 10 Va 0.54 6,920 10 8 9,230 15 10
H, fi H,,ft

57 111 10 va 0.57 7,660 11 9,750 15

60 115 8 5/16 0.60 8,360 12 10,680 16

66 130 3/16 38 0.66 8,690 11 11,250 15

72 121 3/16 8 0.72 8,820 10 11,610 14

H indicates depth of cover for trench installations.
H, indicates depth of cover for embankment (positive projection) installations.
H, indicates depth of cover for prism of soil design.

Soil Load Parameters: Bedding Parameters: (See chapter 6)
w = 1201/t Type S1: k& = 0.105
Ky = 0.15 Type S2: k = 0.098
Ku = 0.19 Type S3: k = 0.090
B, = outside diameter of pipe + 2 ft Type S4: k = 0.085
D = 1.0

1

- ryp = 0.50for D<21 in. and 0.30 for 24 in. < D < 54 in. and 0.0 for D = 57 in.

Highway loads are minimal for cover depths shown but should be included for depths of 6 ft or less.

* This table is intended only as a design example and is based on a limiting deflection of D%4,000 in., where D is the inside nominal pipe diameter in inches. All pipe shown are minimum class and backfill envelope
material is defined in chapter 6. Increasing the pipe class provides disproportionately small increases in allowable external load. If an increased allowable external load is desired, it can be achieved by increasing
the effective moment of inertia of the longitudinal pipe section or by improving the bedding material or compaction requirements.

+ The E’values used are based on backfill envelope of lower structural quality. For E' values of backfill material of higher structural quality, refer to the references cited in chapter 6.
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Replacing the deflection Ax with the D%4,000 allowable for ANSI/AWWA C303-type
pipe, setting D, = 1.0, and solving for the allowable external load in pounds per linear
foot, the equation becomes

W= D*(EI + 0.061E'r?)
- 333kr?

(Eq 7-25)

where all variables were previously defined.

The maximum allowable external loads for minimum design of ANSI/AWWA C303-
type pipe installed in various beddings are shown in Table 7-3. "

Step 5 If required, provide additional external-load capacity by increasing
the effective moment of inertia of the longitudinal pipe section or by
improving the bedding material or compaction requirements. The
effective moment of inertia may be increased by increasing the area
or diameter of the bar reinforcement or by increasing the coating
thickness to a maximum of 1.25 in. over the bar wrap.

Example Calculations for ANSI/AWWA C303-Type Pipe

Project requirements

e pipe diameter D, in. = 36
¢ internal pressure
— working pressure P , psi = 150
— surge pressure P, psi = 50
¢ external earth load
— height of earth cover H, ft = 14
~ trench width B , ft = B +20
— soil properties Kn' = 0.165
— unit weight of soil w, Ib/ft? = 120
e external live load W,
— AASHTO highway load = HS-20
— AASHTO impact factor I, = 1.0
¢ installation criteria
— 53 bedding, moderate to heavy compaction
- soil modulus E’, psi = 700
— Rankine's ratio K = 0.090
— deflection lag factor D, = 1.0
Design information from specification or manufacturer
¢ cylinder OD for ANSVAWWA C303-type pipe D, in. = 37.88
— min. t, = 13 gauge
(0.090 in.)
. fy , psi = 36,000
° fyb, psi = 40,000
e E , psi = 30,000,000
e E ,psi = 4,000,000

Step 1 Select a steel cylinder thickness equal to or greater than the ANSI/
AWWA C303 minimum. Calculate the total circumferential steel area
required to resist internal pressure.
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Choose: ¢, = 12gauge(0.1051n.)
D, = D, -2t =37.88-2(0.105)=37.67in.

Eq 7-1:

A = 6P}Dw‘ For P , f. = 18,000 psi

_ 6(50)(37.67) _ | gg: 2 1:

A, = 18.000 = 1.88 in.*/lin ft
Eq 7-2:

4 = 8P+ P)D, For P, + P, f, = 27,000 psi

o

A = 6150 + 50)(37.67) _

o
27,000 = 1.67 in.*/lin ft

Working pressure controls, so A, = 1.88 in.%/lin ft for hydrostatic design.

Step 2 Calculate the cylinder steel area and place the remaining
area of steel in the bar wrap by selecting a bar diameter and bar
spacing within the limits established in ANSI/AWWA C303.

A A +A,
1.88 0.105(12) + A,
A, = 1.88-1.26=0.62in%lin ft
Minimum A, (36)(0.01) = 0.36 in.%/lin ft

Choose %i6-in. diameter bar. Calculate c—c spacing for %j¢-in. diameter bar
reinforcement (area = 0.0767 in.2):

Using A, = 0.62 in.*lin ft

c—C = 12(8#7—) = 1.48 in. <2.00 in., meets requirements

Spacing for %1¢-in. bar is acceptable per ANS/AWWA C303.

Step 3 Calculate the total external load on the pipe. Refer to Egs 5-1 and 5-3
for trench load and positive projecting embankment load formulae
and definition of variables.

Calculate the pipe OD = B, and wall thickness . ANS/AWWA C303 requires mortar
coating thickness to provide a minimum %-in. cover over the bar reinforcement or
1-in. cover over the cylinder, whichever results in the greater coating thickness.

B, = D +2(0.3125) + 2(0.75)
= 40.011in. (3.33 ft)
t = 0.5(40.01 - 36) = 2.0025 in. (to be used in step 4)
B, = B +20
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=333+2.0=5331f

= 2Ku'(HIBg)
W, =deB}:[1—§#d—}wa

(1 _ e~2(0.165)(14/5,33))
W, = 2 (0.165) ](120)(5.33)2
W, = 5,989 Ib/lin ft
W = C.wB.’
H/B, = 14/3.33=4.20

Using Figure 5-6 with r_p = +0.3, then C, = 6.0.
W = 6.0(120)(3.33%) = 7,984 Ib/lin ft
W, > W, (trench load control)
- W, = 5,989 Ib/lin ft

From Table 5-5, highway live load is negligible. Therefore, total external load for 14-ft
cover is

W,=W,+ W,=5989 +0=>5989 Ib/lin ft

Step 4 Determine if the total external load is less than either the maximum
allowable external load for minimum designs in Table 7-3 or the maximum allow-
able external load for the actual design, as calculated by Eq 7-25. If either condi-
tion is met, the selected pipe design meets the project requirements.

From Table 7-3, allowable load for minimum design 36-in. pipe with
Type S3 bedding: W = 5,730 lb/lin ft
For 14 ft, required W, = 5,989 Ib/lin ft

The allowable external load for the minimum class 36-in. ANS/AWWA C303-type pipe
is less than required. However, the allowable external load for a 36-in. ANSVAWWA
C303-type pipe with P = 150 psi may be sufficient. Determine the allowable W for the

actual material dimensions by first calculating I_ .

To determine /,, the ANSI/AWWA C303-type pipe longitudinal cross section (Figure
7-4) is transformed into an equivalent cement—-mortar section by multiplying steel
areas by the modular ratio n. First moments AY and moments of inertia /, are taken
about the x-axis. Moments of inertia of the steel cylinder and bar reinforcement about
their own centers of gravity are ignored. The section properties determined are

Y

distance from x-axis to the section center of gravity, in.

~
Il

moment of inertia of the transformed section about its center of
gravity parallel to the x-axis, in.¥lin ft

X
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Figure 7-4  Section through AWWA C303-type pipe wall

The general solution in tabular format is as follows:

A Y AY I
Component nAlin ft in. in.in ft m.in ft
Total section 12¢ 0.5¢ 612 48
Steel cylinder (n-1A, t,+05¢t, =%, n-DAY, (n- l)AyYy2
Steel bar (n-1A, t,+t,+05d,=7Y, (n-1AY, (n-DAY}

TA LAY g
Y= SAV/ZA I,=3I -7’54
For this example of a 36-in. ANSI/AWWA C303-type pipe with P = 150 psi
t, = 1.0625in. A, = 1.26 in¥lin ft
t = 0.105 in, A, = 0.62 in.%lin ft
t = 08%Bin. d = 03125in
t = 2.0025 in. n = 75
A, Y AY, I,
Component nAlin fi in. inin ft inlin ft
Total section 24.03 1.001 24.05 32.12
Steel cylinder 8.19 0.888 7.27 6.46
Steel bar 4.03 1.096 442 4.84
36.25 35.74 43.42

Y =35.74/36.25 = 0.986 in.
1. =43.42 - (0.986)* (36.25) = 8.18 in.¥/lin ft = 0.682 in.%lin in.

The wall stiffness EI is calculated using the modulus of elasticity of mortar, 4 x 10° psi,

and I as 0.257 :
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Calculating the allowable load

W=

_ D*(EI + 0.061Er?)

333kr?

Where:
r = 0.50D+1)
= 0.5(36 + 2.0025)
= 19.001 in.

(Eq 7-25)

W (36)°[682,000 + 0.061(700)(19.001)"]

333(0.090)(19.001)°

= 6,146 1b/lin ft > 5,989 Ib/lin ft, OK

The pipe designed for P, = 150 will withstand at least 14 ft of earth cover when
installed with a type S3 bedding having an E’ > 700 psi.
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AWWA MANUAL AR

Design of Fittings and
Appurtenances

Concrete pressure pipe fittings and specials provide variations and adaptability from
the straight course of a pipeline. Fittings and specials are designed and fabricated to
satisfy specific project requirements and to minimize the need for cutting and fitting
in the field.

Fittings are fabricated from welded steel sheet or plate, have steel joint connections
welded to the ends, and are lined and coated with cement mortar or concrete. As with
concrete pressure pipe, this combination of materials results in an efficient use of the
tensile strength of steel with the compressive strength and corrosion-inhibiting prop-
erties of cement mortar.

A wide variety of standard fittings is available to satisfy most project require-
ments. If the layout is so complicated or unique that standard fittings will not serve
the purpose, then fittings can be custom-made to virtually any size or configuration
needed. Common fittings are illustrated in Figure 8-1.

Bends (elbows) are usually designed for deflections ranging from 10° to 90° (Fig-
ure 8-2). Bends smaller than 10° or larger than 90° can be supplied when required.
Custom bends can be manufactured to the requirements of specific projects.

A reducer or increaser makes a gradual change in the inside diameter (ID) of the
line and may be either concentric or eccentric, depending on the design requirement
(Figure 8-3). A desirable taper for both eccentric and concentric reducers is 3 in. in
diameter per ft of length. Greater tapers may be required because of space limitations
and other practical considerations.

A tee or a cross is used for 90° lateral connections (Figure 8-4), and a wye is used
for an angle other than 90°.

Bifurcations (Figure 8-5) are used to split the fluid flow between two pipeline
branches.

95
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- 8 N — 18

3 I 2

F——h! M

] ui 8 13
Adapters

Crosses

Qutiet for Access QOutlet for
and Water Transfer 7 E Water Transfer

Interal Bulkhead Test Fitting

Wall Fittings

Double Bell Closure Follower Ring Closure

Split Butt Strap Closure Flexible Coupling Closure

Figure 8-1 Common fittings
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Figure 8-3 A reducer or increaser makes a gradual change in ID of the line

Concrete pressure pipe tees, crosses, wyes, and bifurcations may have either col-
lar, wrapper, or crotch-plate type reinforcing (Figure 8-6).

Adapters are used to connect concrete pressure pipe to valves, couplings, or pipe of
a different material (Figure 8-7). A bevel adapter is made by welding together beveled
bell and spigot rings and can be coupled to a standard pipe to produce an immediate
deflection of up to 5°. To circumvent unexpected obstacles encountered during installa-
tion, bevel adapters and random lengths of special short pipe are readily available in
a variety of sizes.

A wall piece or a shorter-than-standard piece of pipe is used in a concrete struc-
ture wall where the pipeline connects to or passes through the structure wall and is
cast/anchored into the wall. To allow for possible differential settlement between the
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Source: Hanson Pressure Pipe

Figure 8-4 A tee or cross is used for 90° lateral connections

structure and the pipe, the distance between the first joint outside the structure and
the exterior face of the structure should not exceed one-half the pipe diameter or
18 in., whichever is larger. When a pipe is installed inside an oversized wall sleeve with
compressible material in the annular space between the pipe and the sleeve, a wall
piece or joint within one-half a pipe diameter from the exterior face of the structure is
not necessary.

A bulkhead provides a permanent end for a line or a temporary end for hydrostatic
testing. It is secured in place by either thrust blocking or restrained joints. Bulkheads
are either flat or dish-shaped, depending on the types of thrust restraint employed.
An internal bulkhead may be used to temporarily isolate a section of pipeline (36 in.
[910 mm] ID or larger) for hydrostatic testing and has the advantage of usually elimi-
nating the necessity of blocking or tying joints for thrust. Nightcaps are flatheaded
bulkheads used to temporarily close the ends of a pipeline under construction.

Closures are used to connect installed pipeline sections and are either fabricated
to the exact dimension in the plant or cut to fit in the field. Several types of closures
are available.

Fittings may be welded together or welded to straight pipe to decrease the num-
ber of field joints and expedite installation. Typical end configurations include flange,
mechanical joint (bell or spigot), plain steel end (for welding, Victaulic coupling, sleeve-
type couplings, and asbestos—cement connections), iron pipe (bell or spigot), or concrete
pressure pipe (bell or spigot). Figure 8-8 illustrates typical end configurations.

FITTINGS DESIGN

Fittings are first designed for internal pressure and then reviewed for external-load
capacity. Where additional external capacity is required, the steel cylinder thickness
may be increased or supplemental reinforcement added.
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man J I A _129VO0 e

Source: Hanson Pressure Pipe

Figure 8-5  Bifurcations for splitting flow

The design thickness of the steel cylinder used to manufacture fittings other than
short radius bends is calculated by the “Hoop Stress” equation (also known as the
Barlow equation):

PuDyi (Eq 8-1
= q ')
I, = g
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Figure 8-6  Various types of reinforcing
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Figure 8-7 Adapters used to connect pipe to valves, couplings, or pipe of a different material

Where:
T = required steel cylinder thickness, in.
P = working pressure, psi
Dyi = inside diameter of the cylinder, in. (For bends, tees, and wyes, Dyi
is taken conservatively as the OD)
f, = circumferential stress in the steel cylinder at working pressure, psi, not

to exceed 16,500 psi

For reducers, D, is taken as the ID of the cylinder at the large end.

Design for External Load

Fittings are generally designed for external load in the manner used for semirigid pipe.
This approach is conservative because it ignores the rigidity resulting from the fitting
diameter-to-length ratio and from end support provided by the connecting pipe.

The allowable external load on a semirigid steel fitting is limited by the deflection
that can be safely sustained without causing detrimental cracks in the cement—mortar
lining and coating. The limiting horizontal or vertical deflection is

Ax = 4’%0 or 0.02D, whichever is less (Eq 8-2)
Where:
Ax = vertical deflection, in.
D = nominal pipe diameter, in.
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Flange Plain End for Welding or
Flexible Coupling

F /4 /A / A/ A/ A /4

Caulked Iron Pipe Spigot

Mechanical Joint or Iron Pipe Spigot

Mechanical Joint Bell

Nore: For clarity, not all welds are shown.

Figure 8-8 Typical end configurations

Fitting deflection under external load can be determined from Spangler’s
equation, as follows:

3
- DL
Where:

Ax = horizontal deflection of fitting, in.

D, = deflection lag factor

k= bedding constant

W = total external dead plus live load, 1b/lin ft

r = mean radius of fitting wall, in., calculated as 0.5(D + t), where D

is the inside diameter of the fitting, in., and ¢ is the fitting wall
thickness, in.

Copyright (C) 2008 American Water Works Association All Rights Reserved



DESIGN OF FITTINGS AND APPURTENANCES 103

El
E'

fitting wall stiffness, in.-lb

modulus of soil reaction, psi

The deflection lag factor D, for concrete pressure pipe and fittings is taken as 1.0.
Values of k& for various beddings are provided in chapter 6.

Rewriting Spangler’s equation and setting D, = 1, the allowable external load per
linear foot of fitting is

w o 12(dx) (Elk-:3 0.061E7°) (Eq 8-4)

where all variables are as previously defined, and pipe wall stiffness is calculated as
follows:

Pipe wall stiffness, EI. A cement—-mortar-lined-and-coated steel fitting behaves
as a three-part laminar ring, and its effective stiffness is

EI=(Et}+E]I +Et?’/12 (Eq 8-5)
Where:
EI = effective fitting wall stiffness, in.-lb per inch of fitting length

t, = lining thickness, in.

t, = coating thickness, in., not to exceed 1.25 in.

I, = moment of inertia of the steel, in.* per linear foot

E_ = modulus of elasticity of cement mortar, taken as 4,000,000 psi

E_ = modulus of elasticity of the steel cylinder, taken as 30,000,000 psi

For unreinforced steel cylinders, I would be equal to the cube of the cylinder
thickness (in inches). When stiffening rings or similar reinforcements are used, I, may
be calculated as the combined moment of inertia of the reinforcement and the steel
cylinder.

Cylinder Stress at Stiffeners

Under high external loads, the load capacity of standard fittings may be less than re-
quired. Stiffening rings may be welded to the cylinder to provide additional support.
The moments of inertia of the stiffening rings and the cylinder act together to resist
the external loads. However, the pressure acting on an unstiffened cylinder will cause
greater circumferential strain than will occur immediately under the stiffeners. The
differential straining causes longitudinal rim-bending stresses in the cylinder, which
may be calculated as follows:

1.82(A, — ct,) P,r

w'y

T [AS + 1.56zy(ryzy)°‘5] t,

(Eq 8-6)

Where:
f, = longitudinal rim-bending cylinder stresses at stiffening rings, psi
A = cross-sectional area of stiffening ring, in.?
¢ = width of stiffening ring against cylinder, in.
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t, = cylinder thickness, in.
P = working pressure, psi
r_ = mean radius of fitting cylinder, in.

For fittings with unrestrained rubber gasket joints, the longitudinal bending
stresses will generally not affect design. However, the rim-bending stresses are addi-
tive to longitudinal stresses from thrust restraint or pier-supported pipe and must be
considered if stiffening rings are used for such installations.

Bends

Long-radius curves and small angular changes in pipe alignment are formed by deflect-
ing joints, by beveling pipe ends or using beveled adapters to provide deflection angles
up to 5° between adjacent pipe, or by a combination of these. Short-radius curves are
formed by pipe bends, which are usually constructed of mitered steel-cylinder seg-
ments. The deflection angle between adjacent segments of a bend is limited to 221%°.
Adjacent segments are joined by complete-penetration, butt-joint welds.

Bends are fabricated from mitered segments of steel cylinders. A typical four-
piece bend and related terminology are shown schematically in Figure 8-94. From this
figure, it can be seen that the projected area from the centerline to the outside of a
bend is greater than the projected area from the centerline to the inside of the bend.
This difference in projected areas, together with the difference in segment lengths at
the inside (throat, as defined in Figure 8-94) and the outside of the bend, causes hoop
stress at the inside to be greater than P D /(2t) (hoop stress in a straight cylinder) by
an amount that is dependent on the ratio of the centerline radius R of the bend (as
defined in Figure 8-94) to its outside cylinder diameter D,.

2. ForceVert = PA . -TS =0 (Eq 8-74)
Where:
P = working pressure, psi
vap = trapezoid area (cross-hatched in Figures 8-98 and 8-9¢), in.2
T, = stressresultant at the short side of the miter segment, psi

Note that from Figure 8-9c¢,

S, =2(R —r)n? (Eq 8-78)
A =5(5+5)=r@R - r)tanf (Eq 8-7¢)
Where:
S = 2Rtan g
T =ft (Eq 8-7p)
r, = cylinder radius, in. = Dy /2
S = length of miter segment at the centerline of the bend, in.
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Figure 8-9¢
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Dy = outside cylinder diameter, in.
R = centerline radius of bend, in.

Si = length of the throat of a segment that
is mitered on both ends as shown in
Figures 8-9a, 898, and 8-9c, in.

© = miter segment angle, degrees
A = bend deflection angle, degrees

Pressure , ——

Pressure P,
Pressure B, w

Free body diagram of one-fourth of a miter segment and fluid
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<
R
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S
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Schematic of A rap
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f, = hoop membrane stress in the wall section of length S, due to working
pressure, psi

t = minimum wall thickness required for mitered bend, in.
Substituting Eq 8-78, 8-7c, and 8-7p into Eq 8-7A and solving for ¢ results in:

_P.D, (R/Dy - 025\ _P.D, ¢ (Eq 8-8)

t=
2f, \R/ID, - 0.50 2f,

which is recognizable as the Barlow equation multiplied by a shape factor (S, where:

K —0.25

S K — 0.50

r
K =R/D,

shape factor =

When f, is equal to the maximum allowable membrane stress for working pres-
sure, Eq 8-8 gives the minimum required thickness of steel cylinder for the mitered
segment.

The recommended minimum centerline radius of a mitered bend is equal to D,
the finished (mortar or concrete) inside diameter of the bend. It is recognized, however,
that in some cases the centerline radius may be required to be less than D. This is ac-
ceptable provided that throat lengths are not less than the minimum required throat
lengths stated as follows.

The minimum required throat length of segments of bends mitered on both
ends is:

S, .. = 1.5 in. or 6, whichever is greater

The minimum required throat length of segments of bends mitered on one end
onlyis S, /2.

Equation 8-8, used for calculation of the minimum required wall thickness of
mitered bends, is based on membrane-stress theory. It is appropriate for bends in
water-supply transmission, water treatment and distribution pipe lines where stress
reversals leading to fatigue, high or low fluid temperatures, space-frame piping
arrangements, large miter angles or hazardous fluid conveyance are not involved.
If these or other special conditions are encountered, process piping codes should be
followed in the design of mitered bends.

Procedure for the Design of Mitered Bends

1. Using the preferred centerline radius R, calculate S, from:

_ D)\, ©
S = Z(R ) )tatn2

If S, is less than §,__, calculate the required R using:

R — S[mine + %
2 tan 5

2. For two-segment bends only (each segment mitered on one end only), use the
throat length of the shorter segment (S ) to compute R using:

Copyright (C) 2008 American Water Works Association All Rights Reserved



DESIGN OF FITTINGS AND APPURTENANCES 107

tan 7

3. Using the bend centerline radius R from step 1 or 2, calculate the minimum
required bend cylinder thickness from Eq 8-8.

4. Any cylinder extensions beyond S, or S,/2 must have plate thicknesses equal to or
greater than ¢ calculated in step 3.

Tees and Wyes

The cylinder thickness required for tees and wyes must be increased or the fitting must
be reinforced to compensate for material removed from the pipe wall at the branch.
Typical types of reinforcement are collars, wrappers, and crotch plates (Figure 8-6).
The selection of the appropriate type of reinforcement and the decision of whether to
add cylinder thickness depend on the relative size of the branch diameter versus the
run diameter and on a factor known as the pressure-diameter value, which is calcu-
lated as

PW

PDV = D (d,,/sin4)? (Eq 8-9)
Where:
PDV =  pressure—diameter value
P, =  working pressure, psi
o =  branch cylinder outside diameter, in.
D = run cylinder outside diameter, in.

=  branch angle of deflection, in degrees

When PDYV is greater than 6,000, crotch plates should be used to reinforce tees
and wyes. When PDV is less than or equal to 6,000, either a wrapper or a collar may
be used.

Design of Wrappers and Collars for Tees and Wyes

Wrappers and collars are designed to replace that area of steel removed from the run
cylinder that was required to resist internal pressure, multiplied by the dimensionless
factor M, which is defined as

_ PDV
4,000

The required replacement steel area A_is then defined as

or 1.0, whichever is greater (Eq 8-10)

P.D, d,
_ LD, dy 8-11
A= sna (Eq 8-11)
Where:
A = required cross-sectional area of outlet reinforcement, in.?
P = working pressure, psi
D, = run cylinder inside diameter, in.
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i branch cylinder inside diameter, in.

f,
A

allowable tensile stress at working pressure, psi, not to exceed 16,500 psi

branch angle of deflection, in degrees

The area A may be provided all or in part by areas in the run and branch walls in
excess of those required to resist internal pressure. These areas are depicted as A, and
A, in Figure 8-10 and are given by

A = 7dﬂ’S;jT>’ (t,~ 1) (Eq 8-12)
A,=225TXT,-T) (Eq 8-13)
Where:
A, = excess steel area in run cylinder, in.?
A, = excess steel area in branch wall, in.?
dyo = branch cylinder outside diameter, in.
t, = actual steel thickness in run cylinder, in.
t. = required steel thickness in run cylinder for internal pressure, in.
Ty = actual steel thickness in branch wall, in.
T = required steel thickness in branch wall for internal pressure, in.

When A > (A, +A,), additional steel area must be provided by a collar, wrapper,
or increased cylinder thickness. The additional area required is

20T =A — (A, +A,) (Eq 8-14)

Where:

w = effective shoulder width of added steel, in., within the following
limits: dyo/(3 sinA)<w< dyO/(2 sin A)

T = added steel thickness, in.

and other variables were previously defined.

Design of Crotch Plates for Tees and Wyes

Crotch plates are designed as curved beams carrying the unbalanced hydrostatic
loads in the area of the opening made for branching. Figure 8-11 illustrates the as-
sumed load distribution for an equal-diameter wye with two-plate reinforcement. For
simplification, a nomograph design procedure has been developed based on these as-
sumed loadings.

The nomograph design, based on design working pressure plus surge allowance,
includes a safety factor that keeps stresses well below the yield point of steel. The mini-
mum yield strength of the steel used in this procedure is 30,000 psi (207 MPa).

The design pressure used in the nomograph is kept to 1.5 times the working pres-
sure in order to approximate an allowable stress of 20,000 psi (138 MPa).
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Ar= (A1 + Ag)

Norte:

Thicknesses t and T are required to resist internal pressure in the run and branch, respectively, as shown in diagram (a). The
required replacement steel area A, is equai to M (from Eq 8-10) times the area Agin diagram (a). Ar may be provided all or in part
by area As and Az, which represent areas in excess of those required for internal pressure as shown in diagram (). When (A1 +
Az) < Ay, additional steel must be provided in the form of a collar or wrapper having a cross-sectional area of 2w7 = A, — (A1 +

A2) as shown in diagram (B).

Figure 8-10 Replacement of steel at openings in fabricated fittings requiring collar or wrapped

type of reinforcement

Step 1

Step 2a

Step 2b

Lay a straightedge across the nomograph (Figure 8-12) through the
appropriate points on the run cylinder inside diameter and internal
pressure scales, and then read the depth of plate from its scale. This
reading is the crotch depth for a 1-in. thick, two-plate reinforcement for
a 90° wye branch that is the same diameter as the run.

If the wye-branch deflection angle is other than 90°, use the N-factor
curve (Figure 8-13) to get the factors which, when multiplied by the
depth of plate found in step 1, will give the wye depth d  and the base
depth d, for the new wye branch.

If the wye branch has unequal diameter pipe, the larger run cylinder
diameter will have been used in steps 1 and 2a, and these results
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PL1sinA\_” TT ; "yit V?/—PLQSinA

LYV

ai 1 «— Plate Junction Line

«—0p
Section A-A
ALp = area of hydrostatic load to be carried by large plate
Asp = area of hydrostatic load to be carried by small plate
L1 = length of axis of large plate
L2 = length of axis of small plate
P = internal pressure
A = branch angle
Wi = total hydrostatic load on large plate
W2 = total hydrostatic load on small plate
Y = load necessary to cause equal deflection of plates
dw = depth of wye section
dy = depth of base section
dr = depth of top section

crotch-plate thickness

Figure 8-11 Assumed hydrostatic load distribution for an equal-diameter wye with two-crotch-
plate reinforcement

should be multiplied by the @ factors found on the single-plate
stiffener curves (Figure 8-14) to give d’  and d',. These factors vary
with the ratio of the ID of the small cylinder to the ID of the large
cylinder.

Step 3 If the wye depth d  found so far is greater than 30 times the thickness
of the plate (1 in.), then d and d, should be converted to conform to a
greater thickness ¢ by use of the general equation
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Plate thickness: 1 inch; deflaction angle: 90°

Figure 8-12 Nomograph for selecting reinforcement plate depths of equal-diameter pipes
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Figure 8-13 N-factor curves for branch deflection angles less than 90°

1.0
0.8
_ 06
Q
5
(5
.
o
0.4
/
G
0.2
2 0

0. A4 0.6 08 1.0

dyi
Dy;

Figure 8-14 (Q-factor curves for branch diameter smaller than run diameter

d=d (¢, /)0217 - (160 (Eq 8-15)
Where:
d = new depth of plate, in.
d, = existing depth of plate, in.
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dtand d’ are one plate design dimensions;
dr and dp are two plate design dimensions.

Figure 8-15 Selection of top depth

t, = existing thickness of plate, in.
t = new thickness of plate selected, in.
A = deflection angle of the wye branch, in degrees

Equation 8-15 can also be used to convert to a thinner crotch plate.

Step4  To find the top depth d, or d’, use Figure 8-15, in which d, or d’, is
plotted against d, or d',. This dimension gives the top and bottom
depths of plate at 90° from the crotch depths.

Step 5 The interior curves follow the cut of the fitting cylinder, but the outside
crotch radius in both crotches should equal d, plus the inside radius of
the smaller cylinder, or in the single plate design, d’, plus the inside
radius of the smaller cylinder. Tangents connected between these
curves complete the outer shape.
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Example 1 — One-Plate Reinforcement Design
(Figure 8-106a)

D, =615in.
d, =435in.
A = 45°

P = 150 psi

w

Design pressure = 150(1.5) = 225 psi

Step 1

Step 2a

Step 2b

Step 3

With the larger cylinder diameter of 61.5 in. and the design pressure of
225 psi, read the critical plate depth d from the nomograph (¢t = 1 in.,
A = 90°).

d = 37in.

Using the deflection angle 45°, find the factors on the N-factor curve
that will convert the depth found in step 1 to apply to a 45° wye branch
(¢=1in.).

d = N d=24537)
d,= N,d =1.23(37)

90.7 in.
45.6 in.

With the ratio of the smaller cylinder inside diameter divided
by the larger cylinder inside diameter, d /D, = 43.5/61.5
= 0.71, and the deflection angle, A = 45°, use i?‘igure 8-14 to find
the @ factors that give the crotch depths for a single-plate wye stiffener
(¢t =1in.).

Q, = 0.52
Q, =066
d'= 0.52(90.7) = 47.2 in.
d= 0.66(45.6) = 30.1 in.

Because the depth d’ is greater than 30 times the thickness ¢, the
conversion Eq 8-15 should be used:

d =d, (tl/t)[ogu - (a/360)]
Try a thickness of 174 in.

d - d1(1/1‘5)f0.917—(45/360)1 = d1(2/3)0.792

d = d0.725)
d', = 47.2(0.725) = 35 in.
d’, = 30.1(0.725) = 22 in.

b
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ﬂjy,ﬁ) +d

—(dyi/2) + d]

db

A. One-Plate Stiffener

lof}
[(Dyil2) v
mwym) +dd
)
dw e di dp

Figure 8-16 Wye-branch reinforcement plan and layout

+ dt]

B. Two-Plate Stiffener

Step 4 Find the top depth d’ from the curve for one-plate design in
Figure 8-15.

Ford', = 22in.,d’, = 15 in.

Final results:

Thickness of reinforcing plate t = 1%in.
Depth of plate at acute crotch d' = 35in.
Depth of plate at obtuse crotch d', = 22in.
Depth of plate at top and hbottom d', = 15in.

Outside radius of plate at both crotches equals the top depth plus the
inside radius of the small cylinder d’, + (d,/2) = 15 + (43.5/2) = 36.75 in.
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Example 2 — Two-Plate Reinforcement Design
(Figure 8-168)

D. =d. = 1735in.
yi yi
A = 5b3°

P = 150 psi

Design pressure 150(1.5) = 225 psi

Step1  With a cylinder diameter of 73.5 in. and a pressure of 225 psi, read the
critical depth of plate from the nomograph (¢ = 1 in., A = 90°).
d = 521in.

Step 2 From the N-factor curve, find the two factors at A = 53°; then, at

=11in.
d = 197(52) = 102.5in.
d,= 1.09(52) = 56.7 in.

Step3  Because d_ is greater than 30 times the thickness of the plate, try
t = 2.25 in. in the conversion equation:

d = d, (t/)0oT-wss0l = d (1/2,25)077
d,(0.536)

102.5(0.536) = 55 in.

56.7(0.536) = 31 in.

Q. A &
1] 1l

o

Step4  Read the top depth d, from the two-plate design curve in Figure 8-15.
d, = 15in.

t

Final results:

Thickness of reinforcing plate t = 2.25in.
Depth of plate at acute crotch d, = 55in.
Depth of plate at obtuse crotch d, = 3lin.
Depth of plate at top and bottom d, = 15in.

Outside radius of plate at both crotches 15 + (73.5/2) = 51.75in.

Three-Plate Design

The three-plate wye branch design (Figure 8-17) is very similar to the two-plate de-
sign. The function of the third plate is to act as a clamp in holding down the deflection
of the two main plates. In doing so, it accepts part of the stresses of the other plates
and permits a smaller design. This decrease in the depths of the two main plates is
small enough to make it practical to simply add a third plate to a two-plate design. The
additional plate should be considered a means of reducing the deflection at the junction
of the plates. The two factors that dictate the use of a third plate are diameter of pipe
and internal pressure. When the diameter is greater than 60 in. ID and the internal
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t, = Cylinder Thickness of Pipe Run

Figure 8-17 Three-plate wye-branch reinforcement plan and layout

pressure is greater than 300 psi, a ring plate can be advantageous. If either of these
factors is below the limit, the designer may desire to choose a third plate.

If a third plate is desired as an addition to the two-plate design, its size should be
dictated by the top depth d,. Because the other two plates are flush with the inside sur-
face of the steel cylinder, however, the cylinder-plate thickness plus clearance should
be subtracted from the top depth. This dimension should be constant throughout, and
the plate should be placed at right angles to the axis of the pipe, giving it a half-ring
shape. Its thickness should equal that of the main plates.

The third plate should be welded to the other reinforcement plates only at the top
and bottom, being left free from the pipe cylinder so that none of the cylinder stresses
will be transferred to the ring plate.

SPECIALS

A special has the same basic construction as standard concrete pressure pipe but has
some modification, such as a shorter length, beveled end, or a built-in outlet.

A short pipe, as the name implies, is made shorter than the standard length and
is used so that a bend, outlet, line valve, and so forth, can be exactly located at a specific
station when required.

A beveled pipe has the spigot joint ring attached to the steel cylinder at an angle
up to 5° to negotiate minor changes in pipeline direction. Long radius curves and small
angular changes in pipe alignment are executed by joint deflection of standard pipe,
beveled pipe, bevel adaptors, or a combination of these.

Outlets for manholes, air valves, blowoffs, and lateral connections (Figure 8-18)
may be fabricated into special pipe more economically than furnishing fittings, and
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Source: Hanson Pressure Pipe

Figure 8-18

Typical outlets built in to pipe

the available end configurations for outlets are identical to those for fittings. Threaded
outlets up to 3 in. in diameter can also be built into the pipe. The steel cylinder at the
outlet opening on pipe is reinforced, in a manner similar to the reinforcement of out-
lets on fittings, with either a steel collar, saddle plate, wrapper plate, or crotch plate,

depending on the design conditions.
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Chapter 9

Design of Thrust
Restraints for Buried Pipe

THRUST FORCES

Thrust forces are resultant forces from internal pressure in fittings at changes in
direction (such as in bends, wyes, tees, etc.), at changes in cross-sectional area (such as
in reducers), or at pipeline terminations (such as at bulkheads). If not adequately re-
strained, these forces tend to disengage joints, as illustrated in Figure 9-1, or result in
circumferential cracks. Thrust forces of primary importance are (1) hydrostatic thrust
due to internal pressure of the pipeline, and (2) hydrodynamic thrust due to changing
momentum of flowing water. Because most waterlines operate at relatively low veloci-
ties, the dynamic force is insignificant and is usually ignored when computing thrust.
For example, the hydrodynamic force created by water flowing at 8 ft/s (2.4 m/s) is less
than the hydrostatic force created by 1 psi (6.9 kPa). If the flow velocity is deemed to be
large enough that hydrodynamic force should be considered, a textbook on hydraulics
that shows the calculation of such forces should be consulted.

For pipelines that are not buried or are buried in soil with zero stiffness, the
thrust forces and/or the thrust resistances must be calculated differently than shown
in this chapter.

HYDROSTATIC THRUST

Typical examples of hydrostatic thrust are shown in Figure 9-2. The thrust in buried
dead ends, outlets, laterals, and reducers is a function of internal pressure P and cross-
sectional area A at the pipe joint as defined by the following equations:

Branch Wye: T =PA, (Eq 9-1a)

Dead End: T=PA (Eq 9-1B)

Tee: T=PA, (Eq 9-1¢)

Reducer: T=PA-A) (Eq 9-1p)
121
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A. Direction of thrust at bend and tee

D@%
I

B. Mode of movement if thrust is inadequately restrained

Figure 9-1 Thrusts and movement in pipeline

T T=2PAsfn%

BEND

+

Te2PAyc08 % -PA;

BIFURCATION
Ay A
T=PlA; -Ag)
REDUCER

Figure 9-2  Hydrostatic thrust 7" applied by fluid pressure to typical fittings
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The resultant thrust at buried bifurcations and bends is also a function of the
deflection angle A and is given by:

Bend: T = 2PAsin(A/2) (Eq 9-1E)
Bifurcation: T = 2PAgcos ar2) - PA, (Eq 9-1F)
Where:
T = hydrostatic thrust, lb
P = internal pressure, psi
A = (‘Jt / 4)Dj2 = cross-sectional area of the pipe joint, in square inches, where

Dj is the pipe joint diameter, in.
= cross-sectional area of branch pipe joint (refer to Figure 9-2), in.2
cross-sectional area of larger pipe joint (refer to Figure 9-2), in.2

= cross-sectional area of smaller pipe joint (refer to Figure 9-2), in.?

]

B> o> >
[

= deflection angle of bend or bifurcation, in degrees

The equation for the resultant thrust at a bend (Eq 9-1&) is based on forces due to
internal pressure only (no hydrodynamic forces), no pressure drop across the bend, and
no changes in diameter from one end of the bend to the other end (i.e., a nonreducing
bend). Information for calculating the pressure drop over the length of a bend can be
found in chapter 3 (Eq 3-9).

THRUST RESISTANCE

For buried pipelines, thrust resulting from angular deflections at standard and bev-
eled pipe with rubber-gasket joints is resisted by passive resistance of the soil against
lateral motion of the pipe and by frictional drag from the dead weight of the pipe, and
additional restraint is usually not needed. Thrust at in-line fittings, such as valves,
reducers, or internal test plugs, is usually restrained by frictional drag on the longitudi-
nally compressed downstream pipe. Tied joints or thrust blocks are usually not required
provided that any in-line appurtenances, such as valves, are designed to transmit the
compressive force and the joints are grouted with a grout mix of sufficient strength to
safely transmit the compressive force. Other fittings subjected to unbalanced horizontal
thrust have two inherent sources of resistance: (1) frictional drag from the dead weight
of the fitting, earth cover, and contained water, and (2) passive resistance of soil against
the fitting and the pipe. If frictional drag and passive resistance forces are not adequate
to resist the thrust involved, they must be supplemented by either increasing the sup-
porting area on the bearing side of the fitting with a thrust block or “tying” adjacent
pipe to the fitting to increase passive soil pressure and frictional drag of the line.

Unbalanced uplift thrust at a point of vertical deflection is resisted by the dead
weight of the fitting, earth cover, and contained water. If that is not adequate to re-
sist the thrust involved, then it must be supplemented either by increasing the dead
weight with a gravity-type thrust block or by increasing the dead weight of the line by
“tying” adjacent pipe to the fitting.

When a high water table or submerged conditions are encountered, the effects of
buoyancy on all materials should be considered.

One particular concern in pipeline design, installation, and maintenance is the
possibility of substantial excavation close to previously installed thrust blocks or re-
strained pipe and fittings. During installation, attention must be paid to the soil be-
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hind thrust blocks and the backfill around restrained pipes and fittings where soil
stiffness and friction will be providing thrust resistance. During operation, excavation
of this soil while the pipeline is under pressure should be avoided. This is especially
important in parallel lines installed close to each other. The pipeline owner must take
action to preserve the soil system’s ability to resist the thrust forces. The function of
thrust blocks and restrained pipes is to transmit thrust forces to the soil structure. If
that soil is removed or significantly disturbed with the pipeline under pressure, the
safety and stability of the system may be compromised. Proper systems management,
engineering, and construction judgment must be exercised in these conditions.

THRUST BLOCKS

Thrust blocks increase the ability of fittings to resist movement by increasing
the bearing area. Typical thrust blocking of a horizontal bend (elbow) is shown in
Figure 9-3.

Calculation of Size

Thrust-block size can be estimated based on the transverse lateral or bearing resis-
tance of the soil.

Area of block=Lyx Hy =T/o (Eq9-2)

Where:

LyxHg = area of bearing surface of thrust block, ft?

thrust force, 1b

~
n

6 = transverse lateral or bearing resistance value for soil, 1b/ft?

If it is impractical to design the block so that the thrust force passes through
the geometric center of the soil-bearing area, then the design should be evaluated for
stability.

After establishing preliminary thrust-block size based on the soil parameters, the
shear resistance of the passive soil wedge behind the thrust block should be checked
to confirm that it can support the weight of the thrust block without significant settle-
ment relative to the pipe. Determining the transverse lateral or bearing resistance of
soils is beyond the scope of this manual. It is recommended that a qualified geotechni-
cal expert be consulted.

Vertical Bends With Large Deflections

The design of thrust blocks for vertical bends with the pressure-induced thrust push-
ing down into the soil is as follows. The applied load is the sum of the thrust 7, the
weight of the bend W, the weight of the fluid W, and the weight of the soil above
the bend W.. The force must not exceed the allowable bearing capacity of the soil times
the prOJected area of the bend. If that value is exceeded, a thrust block must be designed
to spread the load to a greater area below the elbow. If that is impractical, then the joints
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Section A-A

Piles

Alternate Section A-A Alterhate Section A-A

Figure 9-3  Typical thrust blocking of a horizontal bend

must be tied, using the same calculation methods as for horizontal bends described
later in this chapter (see Horizontal Bends and Bulkheads beginning on page 132).

The design of thrust blocks for vertical bends with the pressure-induced thrust
pushing up out of the soil must be done differently. The thrust T' must be resisted by
the weight of the bend Wp’ the weight of the fluid W, and the weight of the soil above
the bend W, If these weights are exceeded by the thrust T, then additional weight,
usually in the form of a concrete block, should be added above or below the elbow. As
noted in the previous paragraph, if that is impractical, then the joints must be tied, as
described later in this chapter (see Tied Joints beginning on page 132).

Typical Configurations

Knowledge of local soil conditions is necessary for proper sizing of thrust blocks. Figure
9-3 shows several details for distributing thrust at a horizontal bend. Section A-A is
the more common detail, but the other methods shown in the alternate sections may
be necessary in weaker soils. Figure 9-4 shows typical thrust blocking of vertical bends.
The design of the block for a bottom bend is based on the vertical bearing capacity of
the soil. The block for a top bend must be sized to adequately resist the vertical com-
ponent of thrust with consideration of the dead weight of the block, bend, water in the
bend, and overburden.

Proper Construction Essential

Most thrust-block failures can be attributed to inadequate design or improper con-
struction. Even a correctly sized block can fail if it is not properly constructed. A block
must be placed against undisturbed soil, and the face of the block must be perpen-
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Figure 9-4 Typical profile of vertical-bend thrust blocking

dicular to, and centered on, the line of action of the thrust (Figure 9-5). Many construc-
tion and design professionals do not realize the magnitude of the thrusts involved. As
an example, a thrust block behind a 36-in. (910-mm), 90° bend operating at 100 psi
(689 kPa) must resist a thrust force of nearly 150,000 1b (667 kN). Furthermore, the
thrust increases in proportion to the square of the pipe diameter. A 36-in. (910-mm)
pipe produces about four times the thrust produced by an 18-in. (460-mm) pipe operat-
ing at the same internal pressure.

JOINTS WITH SMALL DEFLECTIONS

The thrust at beveled pipe or standard pipe installed with small angular deflections
is usually so low that supplemental restraint is not required. Two approaches can be
taken in the analysis of thrust at small angular deflections. In one approach, a small
angle bend is demonstrated to be locked in place in the pipeline by forces transferred
through joints to adjacent pipe sections. In the other approach, single or multiple pipe
joints with small deflection angles are assumed to be completely free to rotate, and soil
friction and passive soil resistance are shown to be more than adequate to resist the
thrust. These two analyses demonstrate why some small deflections under moderate
pressure do not require thrust blocks or restrained joints.

Locking of Pipe at Small Deflections

Thrust at small angle bends can be locked in a pipeline by the geometric configura-
tion shown in Figure 9-6. Diagonals AC and BD form the angle 6 with their respec-
tive tangents of the deflection angle. By observation, it is evident that for a bend to
move in the direction of the thrust T, the two adjacent pipes must rotate about points
A and B on arcs Cm and Dn. Whenever the angle 6 is larger than A/2, the corners C
and D of the two rotating pipes begin to jam and resist movement. The two pipes E
and H, backed by the pipe behind each of them along the tangents, act as abutments
supporting pipes F and G from movement and begin to create a beam from point A
to point B provided that a grout mix of sufficient strength is used to safely trans-
mit the compressive forces. The interlocking bell and spigot joint rings provide the
shear resistance necessary at the joints as demonstrated by joint shear tests. As the
angle A/2 becomes larger than 6, the corners C and D do not jam and permit the two
pipes to rotate and release the bend. Because it is possible for the point of rotation to
move out to the second joint, allowing two pipe lengths to act as a straight pipe length
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Figure 9-5 Tee and reducer on large-diameter line. Note sandbags behind tee as forms for
placement of thrust block.

and

and to rotate on each side of the bend, bends greater than 5° should be restrained.

Joint locking by beam or bridging action has been demonstrated numerous times
in the field. In 1978 a collapsed gravity sewer pipe completely washed out the sup-
port from underneath a 36-in. (910-mm) prestressed pipeline in Evansville, Ind. (Fig-
ure 9-7). Four lengths of 20-ft (6.1-m) long pipe were left spanning the washout and
supporting several large slabs of concrete pavement. In 1957 high water completely
washed out the support from under four consecutive 12-ft (3.7-m) lengths of 84-in.
(2,130-mm) reinforced concrete pipe providing the entire raw water supply for the City
of Dayton, Ohio. In 1988, a sinkhole in Orange County, Fla., left 50 ft (15 m) of 54-in.
(1,370-mm) embedded cylinder pipe (2% pipe lengths) spanning the hole.

In all of these examples, the pipelines, although totally unsupported, continued to
operate and carried their own weight, the weight of water inside, and additional exter-
nal load. These examples demonstrate the ability of concrete pipe joints to lock up in a
pipeline and resist load or thrust.

Small Horizontal Deflections With Joints Free to Rotate

The thrust T at deflected joints on long-radius horizontal curves, which do not have
tied joints, is resisted by soil along the outside of the curve as shown in Figure 9-8A.
The thrust is resisted by the passive resistance of the soil and the transverse friction
at the top and bottom of the pipe. Additional restraint, in the form of tied joints, is not
necessary when

D
'ZT; = [Y-YHN‘W(IQO) + 4+ BW) + u(W, + W) for sand (Eq 9-3a)
T <lsn (Dﬂ) + 1+ BYW) + u(W, + W)
L, — |7 12 ¢ ¢ 7]\ for clay (Eq 9-38)
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T=2PAsin %

Bc= Pipe OD

Figure 9-6  Locking of pipe at small deflections

- b i Bets Y

Figure 9-7  Four sections of unrestrained 36-in. (910-mm) prestressed concrete pipe span an
80-ft (24-m) wide washout in Evansville, Ind.

Where:
T = 2PAsing,1b
L, = length of standard or beveled pipe, ft
Y, = unit weight of the soil, Ib/ft?
N, = horizontal bearing capacity factor for sand, as shown in Figure 9-8B
N, = horizontal bearing capacity factor for clay (equal to N, for granular soil

with friction angle ¢ = 30°)
undrained shear strength of clay, 1b/ft?

|20]
It

=
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Figure 9-8a Restraint of thrust at deflected, nontied joints on long-radius horizontal curves
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Figure 9-88 Horizontal bearing factor for sand vs. depth-to-diameter ratio (H /Do)(adapted from
O'Rourke and Liu [1999])
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depth of pipe, as shown in Figure 9-8B, ft

= outside diameter of pipe, in.

= coefficient of friction at the pipe—soil interface
= shallow cover factor, Eq 9-8

weight of pipe, Ib/lin ft

= weight of fluid, Ib/lin ft

= earth load, 1b/lin ft

DQQ\gﬁghto@ o
I

= deflection angle, in degrees

Small Vertical Deflections With Joints Free to Rotate

Uplift thrust at deflected joints on long-radius vertical curves is resisted by the com-
bined dead weight W + W, + W, as shown in Figure 9-9a. Additional restraint is not
required when

T<L,(W,+ W, + W,)cos(ax — 4/2) (Eq 9-54)

Where:

T = 2pAsind 1o

Lp = length of standard or beveled pipe, ft

Wp = weight of pipe, Ib/lin ft

W, = weight of fluid in pipe, 1b/lin ft

W, = earth load, lb/lin ft

a = slope angle, in degrees

A = deflection angle, created by angular deflection of joint, in degrees

The determination of earth load should be based on a backfill density and height
of cover consistent with what can be expected when the line is pressurized. Values of
the unit weight of backfill vary from 110 to 140 Ib/ft? (1,762 to 2,243 kg/m?), depending
on the type of soil and the degree of compaction. When the pipe is laid under the water
table, the unit weight of the backfill below the water table must be reduced to y_ - v,
where Y _ is the unit weight of the soil, and Y is the unit weight of the water. Earth
load W, may be computed from Marston’s trench and embankment equations or, more
conservatively, it can be assumed that W, is equal to the weight of backfill on top of the
pipe, including the upper haunch areas (see Figure 9-9B). This weight is calculated by
the following formula:

_ | DH _E>( D, >2
Wf‘y[ i+ - Fl (Eq 9-38)
Where:

W = earth load, Ib/lin ft

Y = unit weight of backfill, Ib/ft?, adjusted for reduced weight of backfill, if all

or a portion of it is under the water table as described in the preceding
paragraph
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Figure 9-9a Restraint of uplift thrust at nontied, deflected joints on long-radius vertical curves
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Figure 9-98 Earth load for restrained joint calculations
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D

o

pipe outside diameter, ft

H = minimum earth cover, ft

Downward thrust at deflected joints on long-radius vertical curves is resisted by
the bearing of the trench against the bottom of the pipe.

TIED JOINTS

Many engineers choose to restrain thrust from buried fittings by tying adjacent pipe
joints. This method fastens a number of pipe joints on each side of the fitting to increase
the frictional drag of the connected pipe and resist the fitting thrust. Friction forces on
the exterior of the tied pipe act in the opposite direction of the motion of the pipe rela-
tive to the soil. Section A-A in Figure 9-8a shows lateral and horizontal friction forces
/uLpﬁWe and /uLp(Wp + Wf + W), which resist thrust 7. The term f is the shallow cover
factor represented in Eq 9-8.

Uplift thrust restraint provided by gravity-type thrust blocks shown for the top
bend in Figure 9-4 may be supplemented or replaced by the dead weight of the adjacent
pipe tied to the vertical bend together with the earth and fluid weights acting on the
tied pipe. Section A—A in Figure 9-9a shows vertical forces that act on a buried vertical
bend to resist uplift thrust.

Horizontal Bends and Bulkheads

The thrust at a buried horizontal bend is resisted by the frictional resistance of the
soil against axial movement of the pipe as well as the passive resistance of the soil to
the transverse movement of the pipe. The frictional resistance of the soil against axial
movement of the pipe gives rise to an axial force, and the passive resistance of the soil
to the transverse movement of the pipe gives rise to shear and bending in the pipe. The
true axial force and the shear in the pipe must satisfy both equilibrium of forces and
compatibility of deformations.

The thickness of the steel cylinder and the restrained length depends on whether
the joint has mechanical or welded restraint. Pipelines with welded joints typically
require thicker steel cylinders and longer tied lengths. For a pipeline designed with
mechanically restrained joints, it may be necessary to weld one or more joints because
of local installation conditions. Such welding is not expected to alter the behavior of a
pipeline with mechanically restrained joints. However, if a large number of joints in
a bend need to be welded, a re-evaluation of the thrust restraint system at that bend
with welded joints and actual field conditions, as well as the actual soil properties, may
be required (Zarghamee et al. 2004).

Figure 9-10 shows the free body diagram of forces acting on the bend and the dis-
placement of the bend. From the equilibrium of forces acting on the bend

1= 2pasin(4) = 2Fsin(4) + W,eos(4) + M8 1cos(d)  (gq0)
Where:
P = internal pressure, psi
A = (Tt / 4)Dj2 = cross-sectional area of the pipe joint, in.?, where D,
is the pipe joint diameter, in.
A = deflection angle of the bend, in degrees
F = axial force in the pipe at the fitting, 1b
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Soil stiffness resists

outward motion of pipe l

{T = 2PA sin(A/2)

Frictional resistance
to axial motion

Joint not tied

) £ “Deformed
2e..£" ~~Undeformed

Figure 9-10 Free body diagram of forces and deformations at a bend

o<
I

shear in the pipe at the fitting, Ib

{ = centerline distance, in., from the point of intersection of the bend to the
end of the mortar or concrete lining at the bell end of the first
restrained joint. This dimension will vary among manufacturers due to
differences in centerline bend radius, joint ring geometry, and extensions of
bend length. If [, exceeds 2.5D tan(A/2) plus the distance from the end of the
bend cylinder to the end of the mortar or concrete lining of the bell, use
I, = 2.5D  tan(A/2) and consider the bend beyond /, to be a restrained pipe
attached to the bend by a welded joint.

d = outward movement of fitting, in.

k = soil stiffness against outward movement of the pipe or fitting, 1b/in./in.

Note that Eq 9-6 differs from the equation used in Zarghamee et al. (2004) in that
the last term is a conservative representation of the resistance of soil resulting from
outward movement of the bend.

The frictional resistance, fu, of a buried pipe, in pounds per linear foot, is

expressed by
f= w1+ B W, + )] (Eq 9-7)
Where:
i = coefficient of friction between pipe and soil
W = earth load, Ib/lin ft
W = weight of pipe, Ib/lin ft
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W,

B

weight of fluid in pipe, Ib/lin ft

shallow cover factor

When the pipe has low cover, the soil on the top of the pipe may move with the
pipe. Soil resistance against movement of the pipe is provided, in part, along the sides
of the soil block directly above the pipe, rather than at the pipe-to-soil interface along
the top surface of the pipe. Hence, the shallow cover factor, 5, may be expressed by the
following (Zarghamee et al. 2004):

12H :
Kitang@ ( D, + 0'5)
B = 7 <1
(“_112)11 + 0.107) (Eq 9-8)
Where:
. = 1—sing = coefficient of lateral soil pressure

¢ = angle of internal friction, in degrees

H = depth of cover, ft

D = outside diameter of pipe, in.

Note: When H = 0, use W = 0.
Figure 9-10 shows the displacements of the pipe. Compatibility of displacements

is ensured by expressing the axial deformation of the pipe, §,(in inches), and the trans-

verse deformation of the pipe, J,(in inches), in terms of the outward movement of the
fittings, &, as follows:

a 4)_ 12F,L, 6F,L, )
8. = 5sm(2 = EA T Ea (Eq 9-9A)
5, = 5cos(é) _ YA (Eq 9-98)
2 k
Where

D, = steel cylinder outside diameter, in.
E = modulus of elasticity of concrete, psi
A, = transformed area of the pipe wall cross section = A_+nA,, in.?

A, =ID}?-ID*-t =D, -t),in?
A, =nD,-t)t),in?

A = beam on elastic foundation parameter
L, = length of restrained pipe, ft

n = modular ratio of steel to concrete

ID = inside diameter of pipe, in.

D = outside diameter of pipe, in.

t = thickness of steel cylinder, in.
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The value of A is expressed by

1/4

k

A=| —— (Eq 9-10)
4F 1 off
Where
YA
I, = a(D,‘} — ID*) — I,Y]w + nl,
= effective moment of inertia of the pipe wall cross section, in.*
I = moment of inertia of the steel cylinder, in.*
w = 0.2= moment of inertia reduction factor"

The restrained length of pipe, L, (in ft), measured from the bend or fitting, is
calculated as

Ly = % (Eq9-11a)

Eq 9-6, 9-9a, 9-98, and 9-11a are solved simultaneously to compute F; V| L,
and §. The bending moment M is calculated from shear V using the beam on elastic

2Vi [e(cos Ax — sinAx)]. These values are then used to de-

termine the stress resultants along the pipeline with welded joints.

Tests have demonstrated the axial extensibility of a grouted mechanically har-
nessed joint even when installed fully extended. Therefore, pipelines with mechanically
harnessed joints have an effective axial slack, Q. Subjected to thrust, the pipe segments
will move axially and in the direction transverse to the pipeline against the soil. Such
transverse movement causes lateral pressure against the pipe, and transverse shear
and bending moment in the pipe. As the thrust increases, the pipe will extend and
rotate at the joints until the slack is consumed, starting with the first joint and gradu-
ally extending to the joints farther away from the elbow. This will result in axial force
in addition to bending moment in the pipe segments.

An analysis procedure for both types of restrained joints was verified against a
detailed finite element model of the pipe that accounts for the actual geometry of the
pipe and the joints, including the slack in mechanically harnessed joints, the nonlin-
earities in the concrete, the steel stress—strain relationship, and joint flexibility. For
details of the finite-element model of the pipe at bends and the behavior of mechani-
cally harnessed joints, see Zarghamee et al. 2004. A conservative estimate of slack of
Q = Vs in. is used for mechanically harnessed joints.

For a bulkhead, F = PA and V, = 0. The thickness design of the steel cylinder for
transmitting the axial force is based on an allowable stress of 0.50fy at the effective
working pressure P, . or the field test pressure P, whichever is greater, since the
hydrostatic thrust imparts no bending moment into the pipe. For this discussion,

foundation equation M =

* The factor I accounts for (1) tensile softening of concrete in tension, and (2) axial flexibility of the joint as joint rings and steel
cylinder in tension slide relative to the core concrete over a bond development length when subjected to the design internal pressure
P= 1.25Pu;y[f The value of Y/ was determined conservatively from a comparison of the maximum effects of combined axial force and
bending moment in bends calculated using the procedure described here with those of the axial force and bending moment determined
from a finite-element procedure that accounts for tensile softening of concrete, axial flexibility of the joint, and side friction between

the pipe and soil near the bend at the design internal pressure P = 1.25P

oo (85 described in Zarghamee et al. 2004).
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Table 9-1  Soil type selection guide”
‘ Backfill Soil,
Soil Types In-Situ Soil Standard Proctor Percent Compaction Soil Properties
I Coarse-grained soils—very dense Coarse-grained soils containing less than 12% fines—high compaction k = 7,000 Ib/in./in. (48.3 MPa)
(2 95% standard Proctor) pu=05
v = 140 pcf (2,243 kg/m®)
0 =48°
I Coarse-grained soils—dense and Coarse-grained soils containing less than 12% fines—moderate and k = 3,400 Ib/in./in. (23.4 MPa)
medium dense high compaction (> 90% standard Proctor) p=05
Coarse-grained soils containing more than 12% fines—high compaction Y= 120 pef (1,922 kg/m?)
(= 95% standard Proctor) ¢ =34°
Fine-grained soils (LL < 50) with more Fine-grained soils (LL < 50) with more than 25% coarse-grained
than 25% coarse-grained particles—hard, particles—high compaction (95% standard Proctor)
very stiff, and stiff
1 Coarse-grained soils Coarse-grained soils containing less than 12% fines—moderate k = 1,900 Ib/in./in. (13.1 MPa)
compaction (2 85% standard Proctor) p=05
Coarse-grained soils containing more than 12% fines—moderate v=114 pcf (1,826 kg/m?)
compaction (85%-95% standard Proctor) o =30°
Fine-grained soils (LL < 50)-—hard, very Fine-grained soils (LL < 50) with more than 25% coarse-grained
stiff, and stiff particles—moderate compaction (856%-95% standard Proctor)
Fine-grained soils (LL < 50) with less than 25% coarse-grained
particles—high compaction (> 95% standard Proctor)
v Coarse-grained soils Coarse-grained soils—slight compaction k = 1,100 Ib/in./in. (7.6 MPa)

Fine-grained soils (LL < 50)—medium stiff

vt Fine-grained soils (LL < 50)—soft and
very soft
Fine-grained soils (LL > 50)

(< 85% standard Proctor)

Fine-grained soils (LL < 50) with more than 25% coarse-
grained particles—slight compaction (< 85% standard Proctor)

Fine-grained soils (LL < 50) with less than 25% coarse-grained

_particles—moderate compaction (85%—95% standard Proctor)

Fine-grained soils (LL < 50) with less than 25% coarse-grained
particles—slight compaction (< 85% standard Proctor)

Fine-grained soils (LL > 50)

p=05
y=112 pef (1,794 kg/m?)
¢ =20°

k = 425 Ib/in./in. (2.9 MPa)
u=03

v= 110 pcf (1,762 kg/m®)

¢ =20°

* Zarghamee et al., 2004.

" The properties for soil type V are selected very conservatively, as some highly plastic soils in a saturated state and under cyclic loading can lose stiffness and become very soft with
very low coefficient of friction, while others may remain stiff and/or with a high coefficient of pipe-to-soil friction. For pipelines with soil type V, use of appropriate backfill materials
and improved compaction verified by geotechnical, or by direct testing of soil stiffness or friction coefficient may imrpove the soil stiffness and friction coefficients allowing the use
of higher soil type classification. Higher friction coefficients, but not more than 0.5, maybe be used if confirmed by testing that accounts for the expected range of soil moisture and

sustained loading condition.
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f, = steel cylinder yield strength, psi
_ Pﬂ P, + P - .
Pweff = P, 12507 11 whichever is greatest
Where:
P = working pressure, psi
P, = field test pressure, psi
P, = surge pressure, psi

The restrained length, Lﬂ (in ft), is calculated as follows:

(Eq 9-118)

Ju

When the design pressure P, > 1.25P, ., then P, replaces the term 1.25P, . in Eq
9-11B and elsewhere that the term 1.25P , appears.
The 1.1 factor in Eq 9-11B corresponds to a resistance factor of 0.9.

Backfill Soil and In-Situ Soil Types

Backfill and in-situ soil types are classified into five different groups, referred to as soil
types I through V (see Table 9-1). This classification system is based on the simultane-
ous consideration of backfill soil classification and compaction levels and in-situ soil
types according to ASTM D2487, Standard for Classification of Soils for Engineering
Purposes (Unified Soil Classification System).

For in-situ coarse-grained soils, this classification system distinguishes between
dense and medium dense soils where the standard penetration test performed accord-
ing to ASTM D1586, Standard Test Method for Penetration Test and Split Barrel Sam-
pling of Soils, shows a blow count of more than 8 per foot; for loose and very loose soils,
the blow count is less than or equal to 8 per foot.

For in-situ fine-grained soils, this classification system distinguishes between
hard, very stiff, and stiff clays with an unconfined compressive strength, g , greater
than 1 ton/ft?, medium stiff clays with ¢ greater than 0.5 but less than or equal to
1 ton/ft?, and soft and very soft soils with g less than or equal to 0.5 ton/ft*.

For backfill soils, the compaction level is expressed in terms of a percent of maxi-
mum Proctor density as determined by testing in accordance with ASTM D698, Stan-
dard Test Method for Laboratory Compaction Characteristics of Soils Using Standard
Effort (12,400 ft-1bf/ft? [600 kN-m/m?]).

Soil stiffness, &, accounts for the combined stiffnesses of the in-situ and the back-
fill soils. Values of & are based on finite-element soil-structure interaction analyses of
pipe and soil systems. In these analyses, the program CANDE (1989) was used with
the Selig soil model (1988). The soil model allows for construction sequence and the
at-rest strains in the soil, volumetric strains due to the motion into the soil, and shear-
ing strains at the top and bottom of the pipe, thus eliminating the need for separate
consideration of lateral soil friction. Analysis was performed for a combination of in-
situ soils and various backfill types with different compaction levels. The results were
combined into five groups, representing conservative soil properties (see Table 9-1).

The coefficient of friction, |, depends on the type and compaction of the soil and
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the roughness of the pipe exterior. In identical soils, the coefficient of friction at the
surface of concrete pressure pipe with impact-applied mortar coating (ANSI/AWWA
C301 or C303) will be greater than the coefficient of friction of a similar pipe with a
smooth exterior surface. The value of u = 0.5 for compacted granular soils is based
on results of tests performed by industry on pipe with mortar coating in granular
backfills. In 1965, tests were performed on the time-dependent frictional movement
of mortar-coated pipe installed in loose granular and clayey backfills. In 1992 and
1993, industry performed tests on mortar-coated pipe laid over fine sands in dry and
wet conditions, and in 1998 on the time-dependent frictional movement of mortar-
and concrete-coated pipe on granular material compacted to 85, 90, and 95 percent
standard Proctor compaction. The values of p in Table 9-1 are based on the results
of these industry tests. For clayey soils, the cohesion further increases the effective
coefficient of friction, although saturated plastic clays may, in fact, have low-
er soil-to-pipe friction coefficients. Pipe with a smooth exterior surface, such as
ANSIVJAWWA (C300 and C302 pipes, and applications of exterior barrier coating,
require the use of a lower coefficient of friction for the pipe-soil interface movement.
When in-situ soil and backfill soil are very different, existing rules for combining stiff-
nesses or moduli may be used (AWWA 2005).

Pipe Wall Design

The pipe wall for concrete pressure pipe must be designed using the interaction dia-
gram for the combined effects of axial load and bending moment as a reinforced con-
crete section. The interaction diagram for a pipe cross section is a plot of the calculated
moment capacity against the axial tensile force. The interaction diagram can be plot-
ted for the ultimate moment capacity, M, ., versus axial force ranging from zero to
the ultimate tensile capacity of the steel cylinder, F,,  .The ultimate capacities can be
calculated using the stress—strain relationships for the steel and the simplified Whit-
ney block for concrete. It can also be plotted for the onset of yielding of steel cylinder,
My > 38 axial force ranges from zero to the onset of yield strength of the steel cylinder,
F, . using the stress—strain relationships for steel and concrete. In general, the design
process involves an initial estimate of the thickness of the steel cylinder for a known
total wall thickness and cylinder location, calculating the stresses, and then iterating
to an acceptable solution.

For prestressed concrete cylinder pipe, the design process accounts for both ser-
viceability and strength limit states through the use of conservative load factors. For
serviceability, tensile strength and softening of concrete are considered in the analysis,
but are neglected for ultimate strength calculations, as in ANSI/AWWA C304 for cir-
cumferential pipe wall design. For serviceability, the stresses in the pipe wall are com-
puted assuming a bilinear stress—strain relationship for the steel cylinder and a trilin-
ear stress—strain relationship for concrete and mortar (see Figure 2 of Zarghamee et al.
2004). For simplicity, the trilinear relationship for concrete is also used for mortar coat-
ing. The location of the neutral axis and the strains and stresses in the pipe, schemati-
cally shown in Figure 9-11, are determined from equilibrium of internal and external
forces and moments. The design process used for prestressed concrete steel-cylinder
pipe can also be applied to the other concrete pressure pipes, such as reinforced concrete
steel-cylinder pipe (ANSI/AWWA C300) and bar-wrapped steel-cylinder pipe (ANSI/
AWWA C303).

The ultimate strength of the pipe section, when subjected to an axial tensile force
and a moment, is conservatively determined assuming a bilinear stress—strain rela-
tionship for the steel cylinder and a Whitney block stress—strain diagram for concrete
or mortar in compression and neglecting the tensile strength of concrete or mortar (see
Figure 9-12). The compressive effect of mortar coating is included in calculations of
serviceability limit states for lined-cylinder and embedded-cylinder prestressed pipes
(ANSI/AWWA (C301) and for bar-wrapped pipe (ANS/AWWA C303).
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Figure 9-11 Schematic strain and stress distributions at cylinder yield design criterion (Ey = steel
cylinder yield strain, fy = steel cylinder yield stress, f, = steel cylinder stress, f, = concrete stress)
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Figure 9-12 Schematic strain and stress distributions at ultimate strength limit state (€, = steel
cylinder yield strain, fy = steel cylinder yield stress, fs = steel cylinder stress, [ "= concrete
strength)

The following design criteria are used for pipe sections subjected to the combined
effects of axial force and bending moment:

Design Criterion 1:

At 1.3 times the effective field test pressure, 1.3Pﬂeﬁ, where Pﬁeﬁ = 1.25Pweff, the strain
in the steel cylinder may not exceed ¢ =f, / E . In calculating the cylinder strain, the
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tensile strength of the concrete or mortar inside the steel cylinder and at the joint is
neglected because the pipe may have circumferential or helical cracks in its inner core
as permitted by ANS/AWWA C300, C301, and C303. As a result, the minimum load
factor applied to P is 1.63 to reach the onset of cylinder yield.

Design Criterion 2:

At 1.56 times the effective field test pressure (1.56P, ), the axial force and bend-
ing moment may not exceed the ultimate strength of the pipe under combined loads.
(The factor of 1.56 is based on a load factor of 1.4 and a material resistance factor of
0.9, consistent with the requirements of ACI 318.) The minimum load factor applied to
P to reach the ultimate compressive strength of the concrete is 1.95.

Due to the iterative nature of the design process for restraining buried horizontal
bends with welded or mechanically harnessed joints, computer software is virtually
mandatory. The number of concrete pressure pipe sizes and the variety of wall thick-
nesses available make it impractical to provide a comprehensive set of tables in this
manual.

In concrete cylinder pipe (i.e., ANSVTAWWA (C300, C301, or C303 type), the steel
cylinder is used to transmit longitudinal forces, since it is continuous over the full pipe
length and is welded to the joint rings at each end. In noncylinder pipe (ANSIVAWWA
C302 type) with restrained joints, thrust is transmitted through the full-length bars,
which must be welded to the steel joint rings at both ends of the pipe. For noncylinder
pipe with restrained joints, the minimum area of longitudinal reinforcement must not
be less than the required area of a steel cylinder determined by the calculation meth-
ods described in this chapter.

Effects of Temperature and Poisson’s Ratio

In addition to internal pressure, restrained joint pipe is subjected to the effects of tem-
perature and Poisson’s ratio. Thermal stresses are produced in the pipe wall when the
temperature of the water is significantly different from the temperature of the pipe
at the time of installation. The Poisson’s ratio effect results in shortening of the pipe
length due to radial expansion of the pipe wall under pressure. When the temperature
of the pipe becomes less than its temperature at the time of its installation, both of
these effects tend to shorten the pipe adjacent to the bend and result in an increase in
axial force and a reduction of bending moment at the bend. When the temperature of
the pipe becomes greater than its temperature at the time of installation, the Poisson’s
ratio effect counteracts a part of the temperature effect. The net effect is a reduction of
axial force and an increase in bending moment.

Analyses performed using the detailed finite-element model of the pipe near a
bend, accounting for tensile softening of concrete and the nonlinear behavior of the
joints, show that the temperature change and Poisson’s effect do not increase the
maximum stress resultants that occur at a bend compared to the maximum stress
due to pressure-induced thrust alone. They do affect the stresses away from the bend;
however, the assumed linear reduction in required cylinder thickness by Eq 9-12 is suf-
ficiently conservative to account for the stresses in the pipe wall due to temperature
and Poisson’s ratio effects (Zarghamee et al. 2004).

Vertical Bends

The design of vertical bends with the pressure-induced thrust pushing down into the
soil may be performed using the same design procedure as for horizontal bends. How-
ever, when the pressure-induced thrust is pushing up and out of the soil, the thrust

must be resisted by the dead weight of the pipe, fluid, and soil.
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Dead weight resistance per foot of pipe = (W, + W, + W,) cos(A - %)

Where:

W, = earth load, Ib/lin ft

Wf = fluid weight, 1b/lin ft

W, = pipe weight, Ib/lin ft

o = slope angle, in degrees

A = bend angle, in degrees
The length of pipe, L, to be tied to each leg of a vertical uplift bend is calculated as
follows:

PAsin %
L,= (Eq 9-14)
(W, + W, + Wg)cos(A - %)

Restrained Joint Strength. Restrained joints of either type (welded or mechanical)
must have component strengths in the load path that exceed the yield strength of the
steel cylinder:

E2F =20, - t)t.f (Eq9-15)
Where:

F. = force the joint can support without material failure or pipe leakage, b

F = force that results in yielding of the steel cylinder, 1b

wreq = Pipe cylinder thickness required for thrust restraint where the restrained

joint will be used, in.

D, = steel cylinder outside diameter, in.

[ = steel cylinder yield strength, psi

Evidence that a restrained joint meets this requirement can be provided by calcula-
tions or by test results.

DESIGN EXAMPLES

Example design calculations are presented for three different pipe types, namely, two
bend angles and a bulkhead. The design conditions, pipe properties, and installation
parameters used for each of these examples are presented in Table 9-2. The input and
results from five additional examples are provided in Table 9-3 without accompanying
calculations. These results were obtained from specially developed computer software.

The pipe material properties and characteristics presented in Table 9-2 and Table
9-3 have been selected for illustrative purposes and should not be used as actual design
values without verification of their appropriateness.

Design Example 1: 36 in. Diameter LCP (ANSI/AWWA C301)

—Bulkhead
1. Determine effective working pressure:

_ P, PW+P1)_ (200 150+80)_ _ ~ -
Py= max(l.zs, T L T i b max (160, 164) = 164 psi < 200psi = P,
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Therefore, use P, to calculate cylinder thickness required.
Determine thrust in pipe:

Pressurized area of pipe:

A - gDl _ p@lin)°

—_ 1 2
1 ] = 1,320 in.

Thrust in pipe at P

F = P,A = 200 psi X 1,320in.? = 264 kip

Determine the pipe cylinder area requirement at the bulkhead:

Required pipe cylinder area:

4 - F _ 264kip
= 0.5% = 0.5(36 ksi)

Determine frictional resistance of pipe:
Weight of fluid:

= 14.67in.’

W=y, 1D = (624 pcf)(%)(36 in) = (12%) = 441%

Weight of soil above pipe (Eq 9-58):

W, = }/[DI—ZH~ + (1 - %)(12D>< 2ﬂ

425in. m) (425in)’ ] Ib
= 114 pef| 22210 (4 ¢ +(1 _7) ;= 1,768 1
pe ‘12m./ft( ) 4/@)(2in/f)’ fi

Shallow cover factor to account for reduced friction if the soil-to-soil friction is
less than that of pipe-to-soil (Eq 9-8):

12H ?

5= K.tan ¢ ( D, 0'5)
- 4 [12H

(124 0.107]
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Table 9-2 Summary of design examples and results of detailed calculation
Conditions and Parameters Example 1 Example 2 Example 3
Bend Conditions:
Fitting Bulkhead 45° bend 75° bend
Joint type Any Welded Mech. restr.
Bend length, [,, in. — 24.6 38.64
Pipe Properties:
Pipe type LCP (C301) BWP (C303) ECP (C301)
Nominal pipe inside diameter, ID, in. 36 54 42
Pipe weight, W,*, 1b/ft 404 518 662
Core outside diameter, OD, in. 40.5 55.875 49.0
Pipe outside diameter, D,, in. 42.50 58.38 51.00
Core thickness, k., in. 225 0.9375 3.6
Mortar coating thickness, t,, in. 1.0 1.25 1.0
Effective core thickness, &, in. 2.25 2.188 3.5
Joint diameter, D), in. 41.0 56.375 45.0
Cylinder outside diameter, D,, in. 40.5 55.875 445
Minimum cylinder thickness 16 ga 3/16 in. 16 ga
Pipe laying length, L, fi 20 ft 40 ft 20 ft
Pressure Conditions:
Working pressure, P,, psi 150 200 140
Transient pressure, P, psi 80 100 60
Field test pressure, P, psi 200 250 180
Effective working pressure, P, psi 164 214 _ 144
Soil Conditions:
Cover depth, H, ft 4 6 5
Soil type 111 il I
Soil weight, v, pcf 114 120 114
Soil stiffness, k, psi 1,900 3,400 1,900
Pipe-to-soil friction coefficient, 0.5 0.5 0.5
Angle of internal friction, ¢, in degrees 30 34 30
Material Properties:
Concrete strength, f, psi 6,000 4,500 4,500
Modulus of elasticity for concrete, E,, psi 3,942,500 3,616,500 3,616,500
Concrete tensile strength, f, psi 387 335 335
Concrete weight, v, pcf 145 145 145
Steel cylinder yield strength, f,, psi 36,000 36,000 36,000
Modulus of elasticity for steel, E,, psi 30,000,000 30,000,000 30,000,000
Modular ratio, n 7.609 8.295 8.295
Steel yield strain, €, 0.0012 0.0012 0.0012
Concrete strength at steel yield strain, f, , psi 123 82 82
Results:
Selected cylinder thickness, ¢, i0ga 0.1875 in. 12ga
Ultimate moment strength, M,,......., in.-Kip — 27,921 11,673
Ultimate tensile strength, F,,, ..., Kip — 1,181 525
Yield moment strength, M, ., in.-kip — 19,611 9,221
Yield tensile strength, F,,,,, kip — 1,199 565
Pipe moment at first joint, M, in.-kip —_ 7,392 3,628
Pipe axial force at first joint, F', kip — 373 179
Thrust dissipation length, L , ft 136 82 55
Margin of safety, ultimate — 1.10 1.00
Margin of safety, yield — 1.12 1.10

* Pipe weight for ANSVAWWA €300, C301, and G302 pipe is calculated from page 69, step 3. Pipe weight for ANSVAWWA C303 pipe is obtained from
the manufacturer.
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Table 9-3 Summary of additional design examples
Conditions and Parameters Example 4 Example 5 Example 6 Example 7 Example 8
Bend Conditions:
Fitting 22.5° Bend 90° Bend 30° Bend 22.5° Bend 90° Bend
Joint type Mech. Restr.  Mech. Restr. Welded Welded Mech. Restr.
Bend length, [, in. 15.6 34.8 27.8 19.2 98.4
Pipe Properties:
Pipe type ECP (C301) BWP(C303) ECP(C301) (C300) ECP (C301)
Nominal pipe inside diameter, ID, in. 72 30 96 84 96
Pipe weight, W, *, Ib/ft 1,614 245 2,456 2,328 2,456
Core outside diameter, OD, in. 83 31.88 109 100 109
Pipe outside diameter, D,, in. 85.00 34.13 111.00 100.00 111.00
Core thickness, h,, in. 5.5 0.9375 6.5 8.0 6.5
Mortar coating thickness, ¢, in. 1 1.125 1 NA 1
Joint diameter, D, in. 76.375 32.375 101.125 88.75 101.125
Cylinder outside diameter, D,, in. 75.5 31.875 100.25 87.875 100.25
Minimum cylinder thickness 16 ga 10 ga 16 ga 12 ga 16 ga
Pipe laying length, L, ft 20 40 20 20 20
Pressure Conditions
Working pressure, P, psi 125 250 175 72 150
Transient pressure, P, psi 50 0 85 0 75
Field test pressure, F,, psi 150 250 226 72 180
Effective working pressure, B, ;, psi 125 250 185.7 72 160.7
Soil Conditions:
Cover depth, H, ft 4 3 4 5 4
Soil type v I A% I 111
Soil weight, vy, pcf 112 120 110 114 114
Soil stiffness, &, psi 1,100 3,400 425 1,900 1,900
Pipe-to-soil friction coefficient, pu 0.4 0.5 0.3 0.5 0.5
Angle of internal friction, ¢, degrees 20 34 20 30 30
Material Properties:
Concrete strength, f7, psi 4,500 4,500 4,500 4,500 4,500
Modulus of elasticity for concrete, E,, psi 3,616,500 3,616,500 3,616,500 3,616,500 3,616,500
Concrete tensile strength, f, psi 335 335 335 335 335
Concrete weight, v, pcf 145 145 145 145 145
Steel cylinder yield strength, f,, psi 36,000 36,000 36,000 36,000 36,000
Modulus of elasticity for steel, E,, psi 30,000,000 30,000,000 30,000,000 30,000,000 30,000,000
Modular ratio, n 8.295 8.295 8.295 8.295 8.295
Steel yield strain, g, 0.0012 0.0012 0.0012 0.0012 0.0012
Concrete strength at steel yield strain, f, , psi 82.6 82.6 82.6 82.6 82.6
Results:
Selected cylinder thickness, ¢, 12 ga 10 ga 0.3125 in. 12 ga 0.3125 in.
Ultimate moment strength, M,,;....... in.-kip 34,210 6,750 166,348 47,220 166,348
Ultimate tensile strength, F,,,......, Kip 892 483 3,632 1,038 3,632
Yield moment strength, M,,,,, in.-kip 29,301 4,736 121,544 43,072 121,544
Yield tensile strength, F,, ., kip 990 492 3,679 1,186 3,679
Pipe moment at first joint, M, in.-kip 11,473 2,128 34,200 4,147 50,953
Pipe axial force at first joint, F, kip 133 150 1,293 381 1,146
Thrust dissipation length, L - ft 30 107 274 49 145
Margin of safety, ultimate 1.32 1.02 112 141 1.02
Margin of safety, yield 1.46 1.02 1.22 1.84 1.05

* Pipe weight for ANSVAWWA (300, C301, and C302 pipe is calculated from page 69, step 3. Pipe weight for ANSI/AWWA C303 pipe is obtained from
the manufacturer.
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4 ft )( 2m) }2
_ (1 — sin30°)tan 30° [(42.5 i\ g ) 0‘5,

0.5 [ 4 ft ( m) ]
[(42.5 in.) 125 )+ 0107

=124>1 .. usel

Soil frictional force (Eq 9-7):

L= (L + BYW+ W, + W] = 05[1 + 01768 10) + 0410 441E] 2,196 1

ft ft ft ft
5. Thrust dissipation length required (from Eq. 9-118B):
25(1 1320 in.?
Ly = 1.1[%4] _ | 125064 ps) U320 )0
Ju 219610
ft
6. Determine required cylinder thicknesses over the thrust dissipation length:

Pipe cylinder areas:

A = (D, — £,)(7)(1,) = (40.5in. — 0.0598 in.) () (0.0598 in.) = 7.60 in.>
Amga = (D, — t,)(7)(t,) = (40.5in. — 0.0747 in.) () (0.0747 in.) = 9.49 in.”
aza = (D, — 1,)(7) (1, = (40.5in. — 0.1046 in.) () (0.1046 in.) = 13.27 in.>
Aso = (D, — 1,)(7) (t,) = (40.5 in. — 0.1345in.) () (0.1345 in.) = 17.06 in.>

Because the required area is 14.67 in.? [tyreq = (14.67/17.06) X 0.1345 = 0.1157 in.],
a 10 ga cylinder thickness is selected for the pipe at the bulkhead.

The pipe axial force, and therefore the required cylinder thickness, diminishes on
a straight-line basis to zero at the thrust dissipation length from the bulkhead.

A

L = Ly = 421, = 136 1t~ %%(136&) = 131t

Ly =L, — Lo, — AA‘“@ L, = 136ft— 13ft — %%(136 ft) = 35 ft

Lw =Ly = Loy = Ly — 57— 136 ft— 1350 — 357t — 200002 (136 1) = 1811

l4ga — Lot 10ga 120 Aya fi 14.67 in

Lo =1L, = Ly — Ly — Ly, = 136 ft — 13ft — 35ft — 18 ft = 701t

10ga

See Figure 9-23a for the minimum restrained footage and minimum cylinder
thickness requirements for this design example. Typical restrained footages and cylin-
der thicknesses based on the use of 20 ft lengths are also shown.

The minimum restrained joint strength (F) required without material failure or
joint leakage is calculated from Eq 9-15:

F; = jr[(Dy - {yreq>tyr‘equ = Ayl
Where:

F = (14.67 in.?)(36,000 psi)
= 528,100 1b
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Design of Pipe on Piers

Unstable soil conditions or conditions requiring aerial installations may be encountered
along a pipeline route. In such cases, piers may be used to support the pipe (Figure
10-1), but the pipe must then be designed to span the supports and to resist the load
applied to the pipe at the support.

The standard rubber-gasketed joint is suitable for pier-supported installations in
either aerial crossings or in unstable soils. Piers are not usually required for pipe in
unstable soil (refer to chapter 6). For all pier-supported installations, the joints may be
placed over the support, in which case the longitudinal bending moments may be com-
puted on the basis of a simply supported beam; or, preferably, they may be offset from
the support, with moments being computed on the basis of a continuous, pin-connected
span. Regardless of the location selected for pier placement, there should be only one
pier per length of pipe.

The method of supporting pipe on a pier may vary from wood chocks to shaped
saddles. The strength required of the pipe will be related to the type of support
provided.

Pipe supported on piers must be designed to resist the loads produced by the pipe,
the weight of water, and, if buried, the weight of backfill over the pipe. The weight of
backfill, or earth load, on the pipe will depend on the soil conditions and installation
procedures, but in all cases, the pipe is assumed to be completely unsupported between
piers. If live loads are applicable to supported pipe, they should be placed on the span
s0 as to produce the maximum beam loading.

CYLINDER PIPE

The beam strength of cylinder pipe can be computed by considering the pipe to be a
reinforced concrete beam, circular in section, in which the transformed steel cylinder
in tension and the transformed steel cylinder plus concrete and mortar elements in
compression resist bending moments from pipe and water weights and external loads.
To ensure a conservative design, longitudinal steel reinforcement other than the steel
cylinder is ignored. Bending stresses are computed from

Jf.=nMc /I, (Eq 10-1)

173
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Figure 10-1 Pipe on piers

and
f.=Mc/l (Eq 10-2)
Where:
f, = tensile stress in the outer fiber of the longitudinal steel, psi
n = ratio of the modulus of elasticity of steel to the modulus of elasticity of
concrete, generally taken as 7.5
M = bending moment, in.-1b
¢, = dimension from the neutral axis to the outer tensile fiber of the
longitudinal steel, in.
I, = transformed moment of inertia, in.*
f, = compressive stress in the outer fiber of the concrete or mortar, psi
¢, = dimension from the neutral axis to the outer compressive fiber of the

concrete or mortar, in.

For a transverse cross section of the pipe (Figure 10-2), a is defined as the angle
from the top vertical centerline to the point of intersection of the outside of the steel
cylinder and the neutral axis.

The location of the neutral axis can be found iteratively using the formula

tan o = (o m/180) + [ntyﬂ:/(t — ty)] (Eq 10-3)
Where:

o = angle from the top vertical centerline to the point of intersection between
the outside of the steel cylinder and the neutral axis, in degrees
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— Concrete Lining

Concrete and/or
Mortar Coating

Steel Cylinder

Figure 10-2 Pipe elements assumed effective in resisting bending

n = ratio of the modulus of elasticity of steel to the modulus of elasticity of
concrete, generally taken as 7.5

t, = thickness of the steel cylinder, in.

¢ = total pipe wall thickness, in.

I, c,, and c, can then be calculated by the formulas

1,=2r{(t~ 1) [(0m/360) + (0m/180) cos? o — 0.75 sin 20} + nt ;(0.5 + cos’ @)} (Eq 10-4)

¢, =r, (1+cosa) (Eq 10-5)
c,=r, (1 -cosa)+¢ (Eq 10-6)
Where:
r = outside radius of the steel cylinder, in.

T
Il

thickness of the mortar and/or concrete that is outside the steel cylinder,
in.

All other variables were previously defined.

A design stress of 0.45f 'c for concrete in compression is recommended, where f 'C
is the 28-day concrete strength. Under certain optimum conditions, concrete stress as
high as 0.6f 'C has been used. Total longitudinal tensile stress in the steel from beam
loading, thrust, or other loads should not exceed 20,000 psi for cylinder pipe.
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Noncylinder Pipe

The beam strength of noncylinder pipe should be determined by analyzing the pipe
with both a cracked and uncracked section.

Noncylinder pipe should be designed so that the beam strength of pipe with
cracked and uncracked sections will be sufficient to withstand bending moments from
pipe and water weights and externally applied loads.

Cracked section. A sufficient number and area of longitudinal reinforcing bars
must be provided to resist tension in a cracked section. Longitudinal reinforcing bars
should be equally spaced in both inner and outer reinforcing steel cages.

For a cracked section, the location of the neutral axis may be found using
Eq 10-3, but with ¢ determined from the following equations:

— Naz + Noao -
= dag N (Eq 10-7)

and
Niairi +N0aoro
y. =
y
N.a,+N,a,

(Eq 10-8)

Where:

= cross-sectional area of a longitudinal bar in the inner cage, in.?

= cross-sectional area of a longitudinal bar in the outer cage, in.?

= number of longitudinal bars in the inner cage

number of longitudinal bars in the outer cage

= radius of the centerline of longitudinal bars in the inner cage, in.

= radius of the centerline of longitudinal bars in the outer cage, in.

SO 2z e e
It

= radius of a steel cylinder of thickness ¢, with a cross-sectional area equal
to the sum of the cross-sectional areas of the longitudinal bars in the inner
and outer cages, in.

Bending stresses are computed from

f.=nMc /I, (Eq 10-9)
and

f.=MeJI (Eq 10-10)

Where:
= tensile stress in the outer fiber of the longitudinal steel, pst

= ratio of the modulus of elasticity of steel to the modulus of elasticity of
concrete, generally taken as 7.5

M = bending moment, in.-lb

¢, = dimension from the neutral axis to the outer tensile fiber of the longitudinal
steel, in.

I, = transformed moment of inertia, in.*

f, = compressive stress in the outer fiber of the concrete or mortar, psi
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¢, = dimension from the neutral axis to the outer compressive fiber of concrete
or mortar, in.

I, c,, and c, may be calculated using Eq 10-4, 10-5, and 10-6 with values of t, and
r, obtained from Eq 10-7 and 10-8, respectively.

The design compressive stress in the concrete should not exceed 0.45f 'c and the
design tensile stress in the longitudinal steel bars should not exceed 10,000 psi.

Uncracked section. The moment of inertia of the uncracked section is calcu-
lated with no allowance for longitudinal steel reinforcement using Eq 10-11.

1 =7/4[(D/2 + 1) — (D/2)*] (Eq 10-11)
Where:
I, = moment of inertia of the uncracked section of concrete, in.*
D = inside diameter of pipe, in.

L
I

pipe wall thickness, in.

Tensile stress in the concrete is computed from

1= Meyl, (Eq 10-12)
Where:
f, = flexural tensile stress in the concrete, psi
M = bending moment, in.-1b
¢, = distance from the centerline of the pipe to the outside pipe surface, in.
I, = moment of inertia of the uncracked section of concrete, in.*

Concrete flexural tensile stress should not exceed 4.5 \/—f? psi.

The method of calculation of beam strength of cylinder and noncylinder pipe pre-
sented in this section is simple to implement and produces conservative results. A
more detailed analysis using more exact methods may be beneficial under special cir-
cumstances.

LOCATION OF PIERS

Piers for aerial crossings are typically located with a span length L equal to the pipe
laying length. The laying length is usually the manufacturer’s standard length; how-
ever, longer lengths may be provided by welding two or more joints together.

Moments in the pipe can be minimized by offsetting the flexible pipe joints from
the supports a distance O, as shown in Figure 10-3. With flexible joints offset from sup-
ports a distance O, = 0.146L, the maximum negative and maximum positive moments
are numerically equal and are each half the maximum moment (midspan) for a simply
supported span, where the joints are placed directly on the supports. The uniformly
loaded simple span maximum moment is:
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Figure 10-3 Configuration of pile-supported installations with joints offset from the supports

My = W?L“ = 0.125wL* (Eq 10-13)

and the maximum moments when the joint is offset by 0.146L from the
support are:

M, =+wL*/16 =£0.0625wL’ (Eq 10-14)
Where:
M,,,, = maximum bending moment, ft-1b
w = weight of pipe, water, and external load, 1b/lin ft
L = span length, ft

For some typical lengths of pipe, the computed distance O, is as follows:

L 0,
St St
8 ' 1.17
16 2.34
20 2.93
24 3.51
32 4.69
36 5.27
40 5.86
48 7.03

Small deviations in the dimension O, in Figure 10-3 caused by misplacement of
the pipe on the pier will increase the maximum bending moment in the pipe. A mis-
placement of 0.5 ft (0.15 m) is conceivable under some construction field conditions.
The table that follows presents a comparison of bending moments for a 0.5-ft (0.15-m)
misplacement versus the correct placement. The largest increase in the bending mo-
ment occurs when the long overhang is increased 0.5 ft (0.15 m), which decreases the
short overhang by the same amount. This increases the positive bending moment in
the long overhang to the value shown in the second column of the table for various
spans. If good construction practices and inspection are provided with pipe properly
placed at O, = 0.146L, the maximum positive and negative bending moments are equal
and are shown in the third column of the table.
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Bending Moment M, ft-1b

L Misplaced 0.5 ft, Pier at Correct Placement, Pier at
Jt O, =0.146L - 0.5 ft 0, =0.146L
8 55w 4.0W
16 19.0W 16.0W
20 28.7W 25.0W
24 40.4W 36.0W
32 69.8W 64.0W
36 87.5W 81.0W
40 107.2W 100.0W
48 152.6W 144.0W
60 235.7W 225.0W

Notr: W = weight of pipe, water, and external load in pounds per linear foot.

The support system shown in Figure 10-3 assumes balanced loads. To ensure sta-
bility, end spans must be anchored by being buried in earth or by structural anchorage.
In overhead crossings with multiple spans, pipe should be secured with straps to the
pier to prevent joints from opening.

DESIGN OF PIPE AND SUPPORTS AT PIERS

When pipelines are placed on piers, stresses are induced in the wall of the pipe that
may require increasing the pipe design strength. The magnitude of these stresses for
a given installation depends on the type and/or dimensions of the supports and the
type of pipe, i.e., whether the pipe is rigid or semirigid. Standard concrete pressure
pipe joints are easily capable of transferring shear forces in aerial crossings, but where
heavy earth loads are carried by the pipe or pier, the joint design should be analyzed to
be sure it is adequate for the expected shear stresses.

Rigid Pipe

Supports for rigid pipe may be éither cradles or two-point supports. For pipe without
earth cover, supports are usually specified to be 1 to 2 ft (0.3 to 0.6 m) in length. Bur-
ied installations may require the use of cradle-type supports with longer supporting
lengths. Some typical support configurations are shown in Figure 10-4.

The pier reaction wL (Figure 10-5A) is imposed on the pipe over the support length
b, but the interaction of the pipe and the support produces radial strains in the pipe
over a length defined as the effective length EL, which may be taken conservatively to
be equal to the length of the support plus the inside diameter (ID) of the pipe.

To determine the stresses in the pipe that accompany its radial strains at the
piers, the weight of the effective length of the pipe must be increased by the weight of
the pipe in the remaining span and any weight that the span itself supports. The sums
of these weights are transferred to the effective length of pipe as shear forces V at the
ends of the effective length (as shown in Figure 10-5B).

For computing pipe stresses in the support area, the effect of the shear forces V
is assumed to be equivalent to an increased weight AWp of the effective length of pipe.
For equally loaded spans of equal length, this apparent increase in pipe weight in the
effective length is

AW, =2VIEL = (L ~ b~ dywl(b + d) (Eq 10-15)
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Galvanized or
Stainless Steel
Strap

Angle of Cradle
Support

Grout or Concrete
Placed in Field

Precast —» 120 : :
Section | °4 O O T /O o )

1 in. £ Thick—1
Neoprene or
Felt Pad or
Grout

Reinforcement
(as Required)

Partially Precast Pipe Support

Precast Pipe Support

Galvanized or
Stainless Stee!
Strap

Angle From Vertical

Centerline
12in.x121in.
Biocking \
_ - _ T —_— = Clear
-0 — — _ o —| Space
_ o — E— o] -
1 [}
[l ! | i I |
ll' o 12in. x 121n.
Timber Piles —————> ! Timber Cap

Two-Point Support (not recommended for AWWA C303-type pipe)

Figure 10-4 Typical supports for pipe on piling
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C. Load Configuration for Design of Pipe in Effective Length

Figure 10-5 Assumed load and force configuration for design of rigid pipe on piers
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Where:
AW~ = apparent increase in pipe weight in the effective length, 1b/lin ft

V = the weight of one half of the span outside the effective length plus any
weight supported by that part of the span, b

EL = effective length, ft

L = span length between pier support centerlines, ft

w = actual total weight of pipe, water, and external load, Ib/lin ft
b = pier support width, ft
d

inside diameter of pipe, ft

To determine pipe wall stresses in the effective length, moments and thrusts in
the pipe wall are determined using coefficients for cradle support from Olander (1950)
and for two-point supports from Paris (1921). These coefficients are applied to the
actual pipe and water weights and to the actual external load on the pipe as well as to
the apparent increase in pipe weight AW as follows:

T=C W, +AW)+C, W, +CW, (Eq 10-16)

M=[C

mp

(W +AW)+C, W, +C WIR, (Eq 10-17)

T = thrust, Ib/lin ft

C_ = thrust coefficient for pipe weight

W_ = pipe weight, 1b/lin ft

C, = thrust coefficient for water weight
W = water weight, lb/lin ft

C. = thrust coefficient for external load
W, = external load, Ib/lin ft

M = moment, in.-1b/lin ft

C = moment coefficient for pipe weight
C = moment coefficient for water weight
C = moment coefficient for external load
R

= mean radius of pipe, in.

AW, is as defined by Eq 10-15.

The wall stresses calculated are then used to determine the required circumfer-
ential prestressing wire or steel reinforcement needed for the pipe.
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Semirigid Pipe

Two-point supports should not be used for semirigid (ANSI/AWWA C303-type)
pipe. This type of pipe should only be installed on cradle supports. The support
length required will depend on the load per foot of span, the pipe design, the span
length, and the angle of cradle support. For minimum pipe designs, spans up to 40 ft

{12 m) without earth load or surcharge, and 120° cradle supports, the following support
lengths are sufficient:

ANSI/AWWA C303-Type
Pipe Diameter, Support Length,
n. ft
<42 1.0
45 1.5
48 2.0
51 2.5
54 3.0

For the design of semirigid pipe on piers, the load @ that the pipe must support
over the effective length is calculated as

wlL

Q= Yo (Eq 10-18)
Where:
@ = required design load for semirigid pipe on piers, lb/lin ft
w = total weight of pipe, water, and external load, Ib/lin ft
L = span length between pier support centerlines, ft
EL = effective length, equal to the pipe inside diameter plus the pier support

width, ft

The allowable supporting strength of the pipe is calculated in accordance with
chapter 7, except that the computed wall stiffness is taken as one half of the value de-
rived from the composite wall section of the pipe to account for the additional support
of the concrete cradle. Spangler’s deflection equation is used to determine the allowable
load W that causes a deflection of D%4,000 with the deflection lag factor equal to 1.0
and E’ equal to zero. The bedding constant & is determined from the angle of cradle
support. As long as the required load @ is less than the allowable load W, the design is
acceptable.

PROTECTION OF EXPOSED CONCRETE PIPELINES

Buried concrete pressure pipelines are usually in relatively static, favorable environ-
ments where the pipe will not be subjected to large temperature fluctuations, wetting
and drying, freeze—thaw conditions, or atmospheric carbonation of concrete. When pipe
is installed in an aerial crossing (Figure 10-6) or in a situation where the depth of cover
is not sufficient to ensure static conditions (usually 3 to 5 ft [0.9 to 1.5 m] of cover is
adequate), proper consideration should be given to protecting the pipe from exposure.
Differential expansion or contraction of the component materials of the pipe will
not occur, even when the pipe is exposed in aerial crossings, because the coefficient of
thermal expansion for steel and concrete are essentially the same. However, ambient
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Figure 10-6 50-ft (15-m) spans of 42-in. (1,070-mm) concrete pressure pipe were used in this
aerial line crossing of a highway and river levee

temperature changes will cause expansion or contraction of unrestrained pipe or will
cause internal stresses in restrained pipe. If exposed pipe is laid with standard rubber-
gasket joints poured with cement mortar, the joints will restrain compressive forces,
but they will not restrain tensile forces due to pipe contraction. This contraction often
causes cracks in the mortar in unrestrained joints, but these cracks can be avoided by
welding or otherwise restraining the joint prior to mortaring or by deleting the mortar
on unrestrained joints. If mortar is omitted from unrestrained exposed joints, the joint
rings should be protected from corrosion by a durable paint system.

Laying unrestrained pipe on piers provides flexible joints, and if the pipe is left
unsecured at the pipe supports, it can “walk” over supports during repeated tempera-
ture cycles, possibly resulting in a disengaged joint from the accumulation of several
joints’ flexibility at one location. Therefore, the pipe should be firmly secured at pipe
supports to prevent such a disengaged joint and to secure against the forces from hy-
drostatic thrust and flotation. Bands over the pipe attached to the cradle are sufficient
for this purpose.

Pier supports should be designed and installed to support the pipe without dam-
aging it. Cradle supports can be made of concrete cast against the pipe or be premanu-
factured and used with a compressible bearing pad between the cradle and the pipe.
If two-point supports are used, they should be of a material or design that will not dig
into the pipe during repeated temperature cycles.

Application of a good-quality paint to the pipe exterior is often recommended for
installations of concrete pressure pipe continuously exposed to the atmosphere. Such a
coating acts as a barrier to water and atmospheric carbon dioxide, thereby preventing
both physical damage to the mortar coating due to wetting—drying or freeze-thaw cy-
cles and loss of alkalinity due to mortar carbonation. The use of white or light-colored
paint systems reflects sun heat and reduces temperature stresses. The paint system
should be of good quality and renewed periodically to maintain its integrity.

Concrete pipelines should be protected in the transition zone (the point at which
the pipe exits the ground or a body of water) to prevent the accumulation of soluble
chemicals by wicking (capillary) action in the mortar coating. Application of a high-
build epoxy coating is recommended from 3 ft (0.9 m) below to 2 ft (0.6 m) above the
ground surface or splash zone.
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Chapter 1 1

Design of Subaqueous
Installations

APPLICATION

Subaqueous concrete pressure pipelines (Figure 11-1) can be located in either fresh-
water or seawater environments, but all underwater lines require special consideration
in design and installation. Concrete pressure pipelines can be used in a wide range of
subaqueous applications, including

o water or sewer lines crossing under rivers, estuaries, or lakes

¢ industrial cooling water intake and discharge lines

¢ sewer outfalls

¢ intake lines for potable, irrigation, or other water supplies

PIPE DESIGN FEATURES

Evaluation of Forces on Subaqueous Pipe

Earth loads on subaqueous pipe are generally less than would be expected for ordinary
installations since the unit weight of backfill is significantly reduced under water. The
radially compressive external pressure from water generally is not a significant design
consideration because it either (1) is completely offset by internal water pressure if
the pipe is full, or (2) causes only a small additional compressive stress in the concrete
pipe wall if the pipe is empty. Subaqueous pipe is usually installed in a very uniform
support envelope underneath and around the pipe because it is easier to consolidate
the bedding under water.

Proposed underwater routes should be analyzed using hydrographic data spe-
cific for each site to ensure the line is not jeopardized by an unstable shoreline. Also,
when the designer is determining adequate cover and protection for the pipeline and
appurtenant structures, consideration should be given to potential problems caused
by beach erosion, ships that drag anchor, wave action, scouring, ice jams in rivers, and
shore ice in lakes. Sections of pipeline that are installed in deep water not affected
by waves, tidal action, or current are not subjected to significant external forces and
can be installed with only sufficient cover to prevent buoyancy, if flotation is a design
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Figure 11-1 54-in. (1,370-mm) diameter pipe, preassembled to a 32-ft (9.75-m) unit, being low-
ered with a double bridge sling in a sewer outfall installation

consideration. However, sections of pipeline affected by waves, tidal action, and cur-
rents require the most critical treatment and should always be buried in trenches to
prevent movement.

Buoyancy

The possibility of pipeline flotation must always be considered in the design of sub-
aqueous lines, and buoyancy should be analyzed assuming the pipeline is empty unless
complete dewatering of the line is impossible. The specific gravity of the material in
which the line is to be buried must be considered in buoyancy calculations. Experi-
enced consultants have observed the following:

A pipeline with a bulk specific gravity of 0.5 or less will work its way through
beach sand or other similarly fine sand.

A pipeline with a bulk density between that of water and sand will have little
or no tendency to ascend through fine sand.

A pipeline is very likely to float out of sand or silt that is subject to wave
action if the line is buoyant in water.

If a pipeline is buoyant in a liquified sediment, then agitation of the sediment
will cause the pipe to rise. Cyclic changes in bottom pressure caused by storm
waves can sometimes liquify slightly cohesive material and cause flotation.
The same effect can also be caused by a variable water table, underground
percolation, and unstable clay that is subjected to high water content.

If a pipeline is to float, then (1) the sediment must act like a fluid, and (2) the
bulk specific gravity of the pipeline must be less than the specific gravity of
the sediment.

Dead weight is generally the most practical method to anchor an offshore pipe-
line, with coarse backfill or large riprap being the most commonly used materials.
Pipelines with heavy walls may also be used to overcome buoyancy.
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Pipe Buoyancy Analysis

To ensure empty, buried subaqueous pipe will not float, the following equation must
be satisfied:

/4 2 1 T p2
(B2~ d)w, + HB(A(l - g)m > sF|Z Biw.) (Bq 11-1)

Where:
B = outside pipe diameter, ft
d = inside pipe diameter, ft
w, = unit weight of pipe material in air, 1b/ft®
H = soil cover over pipe, ft
g = specific gravity of backfill particles
w, = bulk unit weight of dry backfill, 1b/ft3
SF = safety factor

w = unit weight of water, 1b/ft?

The following design values are suggested:

w, = 150 Ib/t?
g, = 2.65
w = 110 lb/ft?
SF = 1.5 if overburden is used to offset buoyancy; 1.1 if increased pipe wall
thickness is used
w = 62.4 1b/ft? for fresh water, or 64 1b/ft? for seawater

w

Using these suggested design values and solving for height of cover, the pipe
buoyancy equation (Eq 11-1) reduces to the following:

for fresh water

H>1.72(d*/B,) - 0.65B, (Eq 11-2)
for seawater
H21.72(d°/B))-0.628, (Eq 11-3)
Where:
H = soil cover over pipe, ft
d = inside pipe diameter, ft
B, = outside pipe diameter, ft

Also by using the suggested design values, substituting d plus twice the wall
thickness for B , and setting H equal to zero, the pipe buoyancy equation can be used
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to determine the minimum wall thickness (in feet) that will offset the buoyant force on
empty pipe. That formula is as follows:

for fresh water

t . =0.179d (Eq 11-4)
for seawater
t . =0.186d (Eq 11-5)
Where:
i, = minimum wall thickness, ft
d = inside pipe diameter, ft

SUBAQUEOUS PIPE DETAILS

Standard concrete pressure pipe is usually used for subaqueous lines, but the following
section discusses modifications that can be made to the pipe to provide for joint engag-
ing assemblies, longer lengths, special joints, and joint protection.

Joint Engagement

Subaqueous joint engagement can be accomplished by a number of different meth-
ods, with the most commonly used methods falling into two basic categories—joint-
engaging assemblies and hydraulic suction. Joint-engaging assemblies generally con-
sist of heavy metal anchor sockets solidly attached to the wall at the end of the pipe
at each springline (Figure 11-2). Joints with these assemblies can be engaged using
either draw bolts, as shown in Figure 11-2, or by using powered clamping equipment.
This bolting is only temporary and cannot be relied on to harness the joint against
thrust. Because the bolting is temporary, it does not require corrosion protection. After
the joint is engaged, the drawbolts are either removed or the nuts are backed off 1 in.
(25 mm) to facilitate joint movement. The same joint assembly can be used with pow-
ered clamping equipment by placing the clamping equipment over the flat faces of the
adjacent lugs and then powering the clamping equipment to pull the joint together.

On larger projects, joints can be economically engaged using a patented hydrau-
lic suction method. This method incorporates two bulkheads and a high-volume, low-
pressure pump. The shore end of the pipeline is bulkheaded. The pipe to be laid is
bulkheaded on one end and the open end is positioned against the end of the previ-
ously laid pipe string. When started, the pump removes water at a high rate from the
pipeline and the external water pressure forces the bulkheaded pipe into place. This
method can be used with standard pipe joints and does not require attaching anchor
sockets to the pipe wall.

Preassembled Lengths

To reduce the number of joints made under water, two or more lengths of pipe can be
preassembled before laying. The length of the preassembled pipe depends on avail-
able lifting equipment and the beam strength of the pipe. Using a strongback, large-
diameter pipe with preassembled lengths up to 100 ft (30 m) have been laid success-
fully in deep water with proper equipment (Figure 11-3).
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Figure 11-2 Typical subaqueous joint-engaging assembly

Joints

The conventional bell-and-spigot joint with a rubber gasket is used for most subaque-
ous pipe joints, but when pipe with conventional joints would be too difficult to install,
special ball joints may be cost-effective (Figure 11-4). Ball joints will withstand large
joint deflections and longitudinal forces without leakage. Ball-joint pipe up to 40 ft
(12 m) in length has been used for numerous projects.

Joint Protection

Steel joint-ring surfaces on subaqueous pipe can be protected by one of several meth-
ods. Pipe that is preassembled and welded before submergence can be protected by
filling the interior and exterior joint recesses with cement mortar. Joints assembled
subaqueously may be protected with a zinc-rich or other primer and epoxy topcoat or
by application of a mastic material that is compressed and encircles the joint when the
joint is engaged.

INSTALLATION

The installation of subaqueous pipe requires special techniques and equipment that
vary depending on the size of the pipe, depth of water, and type of bottom.

Trenching

For soft, mucky material that is stable, “floating” installations can be used (see chap-
ter 6), but for shifting material in shallow water, pier-supported installations are
preferable (see chapter 10). In rock or other solid material, timber or concrete sills
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Figure 11-3 Five 20-ft (6-m) sections of 84-in. (2,130-mm) diameter pipe were assembled on
deck into a 100-ft (30-m) unit. The 100-ft (30-m) unit was then mounted on precast concrete caps
and cradles and installed as a single unit on piles. Two derricks were used to lower the strongback,
cradles, caps, and the 100-ft (30-m) pipe unit.

] 4 iy "r]
R Lok e Tt A

Figure 11-4 Large-diameter pipe being lifted with a special double bridge sling. Joint-engaging
assemblies were installed at the ends of the pipe at the springline.
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Figure 11-5 Rail-mounted gantry crane used for installing sections of ocean outfall near shore

can be used. Concrete sills should have an embedded timber so shimming wedges can
be attached when necessary. In dredged trenches, burlap bags filled with lean dry-mix
concrete or sand can be packed into the space between the pipe and the trench to form
a support cradle. As with pier-supported installations, usually only one sill or other
rigid support is needed per length of pipe, and the support should preferably be located
as outlined in chapter 10.

Pipe Laying

A derrick scow or crane on a barge that is capable of handling the pipe is needed for
deep water installations (Figure 11-5), but in shallow water, a temporary causeway
may be used. The pipe should be lifted with a double sling. If subaqueous lugs are used,
care must be taken to ensure that the lugs are on the horizontal centerline of the pipe.
This can be accomplished by laying a spirit level across the ends of the pipe in a direct
line with the lugs.

Before the gasket is placed in the annular groove on the spigot ring, it must be
coated with a silicone lubricant or a water-resistant vegetable soap, as should the sur-
faces of both the bell and spigot. With large-diameter pipe, two divers normally direct
the positioning of the pipe. The pipe can then be brought together. If this is accom-
plished with draw bolts, the nuts must be backed off a few turns after joining to allow
flexing of the joint. To prevent movement during the backfilling operation, the pipe can
be held in place with bags filled with dry concrete mix.

Backfilling

It is important that backfill is raised symmetrically on each side of the pipe, thereby
ensuring that the pipe is evenly supported throughout its length and not pushed off
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TESTING

its alignment by the weight of backfill placed on one side. Placing backfill as soon as
possible after installing the pipe is especially important if external forces could pos-
sibly cause movement. In areas subject to currents, coarse material should be used for
backfill. If ice forces, waves, or strong currents are expected, armoring the backfill or
weighting the line with rock fill, concrete bags, or concrete weights may be necessary.

Subaqueous pressure water lines are generally tested in the same manner as pipelines
buried on land, i.e., by applying pressure between closed valves or bulkheads.

Water intake and outfall lines, which have negligible working pressure require-
ments, are generally tested by “infiltration” methods. If the pipe is heavy enough to
prevent flotation, the line may be dewatered and inspected visually. However, if de-
watering will cause flotation, the line can be tested by connecting a suction pump to
the high point of each test section and leakage can be determined by measuring the
amount of water that can be removed from the line in a prescribed period of time.

Another system frequently used for testing subaqueous intakes and outfalls is
the testable joint. The joint consists of two gaskets sealing against the bell ring. Air or
water can be used to test the space between the gaskets.
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Design Considerations for
Corrosive Environments

The corrosive-prevention properties of cement mortar and concrete coatings and lin-
ings are well known, as these materials have been used since the early 1800s to mini-
mize corrosion of pipe. Experience has shown that cement—mortar protection of ferrous
pipe surfaces is still maintained after many years of continuous service.

One of the earliest documented uses of cement—mortar linings was to prevent
tuberculation of cast-iron water pipe in France in 1836. Subsequently, Jonathan Ball
patented a method of cement—mortar lining of metallic pipe in the United States in
1843, and a wrought-iron water line was installed with a cement-mortar lining in
Jersey City, N.J., in 1845. In addition, in 1855, a mortar-lined-and-coated steel pipeline
was constructed for the city of St. John, N.B. By the turn of the century, cement—-mortar
coatings and linings were being used in many cities in North America to protect buried
metallic water pipe from corrosion.

INHERENT PROTECTIVE PROPERTIES

Cement—mortar coatings and linings for concrete pressure pipe are relatively thick
and strong, contribute substantially to the structural strength of pipe, and provide
resistance to physical damage. Unlike paints and tape coatings, however, they do not
insulate the substrate from the environment. Cement mortar protects ferrous ele-
ments of concrete pipe (wire, cylinder, rebar, etc.) principally by providing an alkaline
environment that passivates the steel.

Passivation

The unique corrosion-inhibiting properties of cement mortar are due to the chemical
nature of portland cement, which has a pH in the range of 12.5 to 13.5. This high al-
kalinity is created primarily by calcium hydroxide, which is produced from free lime
in the cement reacting with moisture in the mortar. In such an alkaline environment,
ferrous metal surfaces develop a passivating iron oxide film before the mortar hardens,
and even small cracks in the mortar do not harm the protective film in most natural
soil and water environments.
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SPECIAL ENVIRONMENTAL CONDITIONS

The concrete and mortar linings and coatings specified in AWWA standards for con-
crete pressure pipe provide ample corrosion protection in most environments. However,
under certain conditions, the ability of the mortar to maintain a passivating environment
around the steel components may be compromised, and supplemental corrosion protec-
tion may be needed. These unusual environmental conditions include the following:
e High chloride environments and stray current interference that may cause
corrosion of the embedded steel
o High sulfate or severe acid conditions or aggressive carbon dioxide in the soil
or groundwater that may be potentially damaging to the portland cement
matrix in the concrete or mortar coating
* Atmospheric exposure where carbonation of the concrete and mortar surfaces
may occur or where the exterior may be subject to freezing and thawing
cycles
Low soil resistivities are an indication that high concentrations of chloride,
sulfate, or other ions may be present. Since soil resistivity is more easily measured
than soil chemistry, it is recommended that a soil resistivity survey be performed along
the pipeline right-of-way to locate soils that are potentially aggressive. As a guideline,
where soil resistivity, with the soil moistened, is less than 1,500 ohm-cm, soil chemis-
try should be determined. Wherever moist soil resistivities are not obtained first, soil
chemistry should be determined regardless of the dry soil resistivity readings.

High-Chloride Environments

Chloride ions in sufficient concentration can destroy the passivation of steel embedded
in concrete and initiate corrosion if oxygen is also present at the steel surface. For cor-
rosion to continue, the oxygen at the steel surface must be replenished. Lines continu-
ously submerged in seawater do not experience damaging corrosion despite chloride
concentrations in excess of 20,000 ppm due to the extremely low rate of oxygen dif-
fusion through the mortar coating. Continuously submerged pipelines do not require
supplemental protection over the mortar coating. However, a protective coating system
should be applied to the exposed portions of steel joint rings. One effective system is to
encase the joint rings in portland cement concrete or grout.

Concrete cylinder pipe buried in soils with significant water soluble chloride con-
centrations must be evaluated differently than pipe continuously submerged in fresh
water or seawater. Where pipe is to be buried in soils with resistivity readings below
1,500 ohm-cm and the water soluble chloride contents exceeds 400 ppm at those same
locations, one of the following protective measures should be used:

e A moisture barrier should be used to protect the exterior surfaces.

o Silica fume in an amount equal to 8 to 10 percent of the cement weight or a

corrosion inhibitor should be included in the exterior mortar or concrete.

o Cathodic protection should be installed if monitoring of the pipeline detects

the onset of corrosion.

Stray Current Interference

Stray currents from nearby direct current sources, such as impressed current cathodic
protection systems and electric railways or subway systems, can be picked up and
discharged by buried metallic pipelines. Discharge of such current through pinholes in
organically coated steel pipelines results in pitting and perforation of the pipe at the
discharge points. Discharge of stray currents from steel encased in concrete or mor-
tar is opposed by polarization effects and is distributed over large surface areas. The
discharge consumes excess alkalinity before attacking the embedded steel. However,
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when stray current interference is anticipated, one of the following measures should
be considered:

¢ Eliminate the source of the interfering stray current if possible.

*