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Errata to

AWWA Manual M9, Concrete Pressure Pipe, 3rd ed.

(December 2014)

1. On pages 36, 40, 43, 47, and 48, replace the definition for the notation K with the following:

 K = tan (45°– φ/́2) = Rankine’s active lateral pressure coefficient 

  = ratio of active lateral pressure to vertical pressure

   where φ́  = friction angle of soil

2. On page 48, replace the definition for the notation c with:

 c = cohesion intercept of soil, lb/ft2 

3. On page 49, the table heading for Table 5-2 should read “Design values of cohesion intercept.”

4. On page 103, Eq 8-5 should read:

33
12
1

12
1

ccsslc tEtEtEEI ++=

 Below Eq 8-5 and under “Where” delete the definition of Is and add the definition of ts as 
follows:

 ts  = steel cylinder thickness, in.

Below Eq 8-5 and below the definitions, delete the paragraph within this same section that 
begins “For unreinforced steel cylinders, Is would be equal . . .”

5. On page 108, Eq 8-12, replace dyo with dyi. The equation should read:

A1 =
dyi + 2Ty

sin ∆ ( ty − tr )

Full document details: AWWA Manual M9 2008 (2014)

http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014
http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014


Below the equation and under “Where” replace the definition of dyo with the definition of dyi as 
follows:

	 dyi	 =	 branch cylinder inside diameter, in.

Below the equation Eq 8-14 and under “Where” add the definition of dyo under the definition of w by 
adding “where dyo = branch cylinder outside diameter, in.”

6.	 On page 109, in Figure 8-10, diagram (A), replace the dimension dyo + 2Ty
2 sin ∆

  with dyi + 2Ty
2 sin ∆

 .

7.	 On pages 130, 142, and 152, the equation Eq 9-5B should read:

We = γ
 [DoH 

+
 (1-π) ( Do

2 )]    4 122×212

8.	 On page 132, at the top of the page, “Do = pipe outside diameter, ft” should read 

	 “Do 	 = 	 pipe outside diameter, in.” 

9.	 On page 133, in Fig. 9-10, reverse the direction of the moment arrow for Mo acting on the upper por-
tion of the free-body diagram.

10.	 On page 135, in the first paragraph below Eq 9-11A, in the third line replace eλx with e–λx so that the 
equation reads:  

M = Vo   
2λ

 [e–λx(cos λx – sin λx)]

11.	 On page 136, in Table 9-1, for Soil Type IV, under the column for Soil Properties change the coefficient 
of friction between pipe and soil from μ = 0.5 to μ = 0.4. 

12.	 On page 140, in the second paragraph under the section on “Effects of Temperature and Poisson’s 
Ratio,” the second sentence should read: “They do affect the stresses away from the bend; however, a 
linear reduction in required cylinder thickness is sufficiently conservative to account for the stresses 
in the pipe wall due to temperature and Poisson’s ratio effects (Zarghamee et al. 2004).”

13.	 On page 141, at the top of the page, correct the expression to read as follows:

	 Dead weight resistance per foot of pipe = (Wp + Wf + We) cos (α – ∆2 )

14.	 On page 141, correct the current Eq 9-14 to read as follows:

Lft = (Wp + Wf + We) cos (α–  )

∆
2

∆
2

PAsin

Change the equation number Eq 9-14 to Eq 9-12, and change Eq 9-15 to Eq 9-13. Change all text that 
references Eq 9-15 to Eq 9-13. (These are: page 145 last paragraph, page 150 last paragraph, and page 
165 middle of the page in paragraph addressing Fj.)

AWWA Manual M9 Errata 12/2014

2  CONCRETE PRESSURE PIPE

Full document details: AWWA Manual M9 2008 (2014)

http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014
http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014


15.	 On page 143, Table 9-2, first column, under Bend Conditions, change “Bend length, lb, in.” to “Half 
bend length, lb, in.”

16.	 On page 147, the equation under “Weight of soil above pipe:” should read as follows:

We = γ
 [DoH 

+
 (1-π) ( Do

2 )]    4 122×212s

17.	 On page 148: under step #5 and under “Where:” make the following corrections:

•	 In the first line where the notation a is defined, delete in.
lb

 at the end of the bracket. 

•	 In the second line, delete in.
lb2  at the end of the bracket and add  

in.
lb  to the end of the line 

(i.e., 5.253 × 105 
in.
lb ).

•	 In the third line where the notation b is defined, delete in.
lb2  at the end of the bracket. 

•	 In the fourth line, delete in.
lb2  at the end of the bracket and add 

in.
lb2 at the end of the line 

(i.e., 2.517 × 1011 in.
lb2

).

•	 In the fifth line where the notation c is defined, delete in.
lb3  at the end of the bracket.

•	 In the sixth line, delete in.
lb3  at the end of the bracket and add in.

lb3
 to the end of the seventh line

(i.e., –1.683 × 1017 in.
lb3).
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1

AWWA MANUAL M9

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:

ANSI/AWWA C300    Standard for Reinforced Concrete Pressure Pipe,  
			   Steel-Cylinder Type

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

A typical installation in rugged terrainFigure 1-1	
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2    CONCRETE PRESSURE PIPE

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

ANSI/AWWA 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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3

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 

AWWA MANUAL M9

Chapter 2
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4    CONCRETE PRESSURE PIPE

General description of concrete pressure pipe  Table 2-1	

 
Type of 

Pipe
ANSI/AWWA  

Standard

 
Steel 

Cylinder Noncylinder

Mild  
Reinforcing 

Steel
Prestressed 

Wire
Design  
Basis*

Reinforced      
  concrete  
  cylinder pipe

C300 X X Rigid

Prestressed   
  concrete  
  cylinder pipe

C301 X X Rigid

Reinforced  
  concrete non- 
  cylinder pipe

C302 X X Rigid

Concrete bar-     
  wrapped  
  cylinder pipe

C303 X X Semirigid

* 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 core is 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

ANSI/AWWA  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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   	 B.  Embedded Cylinder Pipe

Prestressed concrete cylinder pipe (ANSI/AWWA C301-type pipe)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  

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
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 protect 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

Figure 2-1 Prestressed concrete cylinder pipe (AWWA C301-type pipe)

A. Lined cylinder pipe

B. Embedded cylinder pipe
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ring gasket of circular cross section. The gasket is compressed by the cylindrical
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 protect 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
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A. Lined cylinder pipe
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6    CONCRETE PRESSURE PIPE

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

Prestressing concrete embedded cylinder pipe Figure 2-3	

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).

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

Figure 2-3 Prestressing concrete embedded cylinder pipe
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Welding joint rings to cylinder Figure 2-4	

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

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 cylinder 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. ANSI/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, 

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).

REINFORCED CONCRETE CYLINDER PIPE (AWWA C300-TYPE
PIPE) _____________________________________________________

Prior to the introduction of prestressed concrete cylinder pipe (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 reinforcing 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 or greater. New installations of reinforced
concrete cylinder pipe have been declining over the years as prestressed concrete
cylinder pipe has gained wide acceptance.

Manufacture
Manufacture of reinforced concrete cylinder pipe (Figure 2-5) begins with a
hydrostatically 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 cylinder pipe is manufactured in diameters of 30–144 in.
(760–3,660 mm), with larger sizes limited only by the restrictions of transportation to
the jobsite. Standard lengths are 12–24 ft (3.7–7.3 m).

Design Basis
Design of reinforced cylinder pipe is covered in chapter 7 of this manual. The design
procedure addresses external loads and internal pressures individually and in
combinations. AWWA C300 limits the reinforcing steel furnished in the cage(s) to no

Figure 2-4 Welding joint rings to cylinder
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8    CONCRETE PRESSURE PIPE

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

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 (ANSI/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 ANSI/AWWA C302 limiting 
the maximum length that can be furnished for each pipe size. The wall thickness is a 
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	 A.   ANSI/AWWA C302-Type Pipe With Steel Joint Rings

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

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

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 ANSI/AWWA 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.

one twelfth the inside diameter or greater. The design of reinforced noncylinder pipe
is covered in chapter 7 of this manual. The maximum working pressure is limited by
the standard to 55 psi (379 kPa).

Joints
The standard joints for reinforced noncylinder pipe are illustrated in Figure 2-6. 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 reinforced noncylinder pipe
may be steel joint rings or formed concrete surfaces. 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
(AWWA C300- and AWWA C301-type pipe, respectively). Concrete joints, as shown in
Figure 2-6B, are not grouted.

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

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

A. AWWA C302-type pipe with steel joint rings

B. AWWA C302-type pipe with concrete joint rings
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one twelfth the inside diameter or greater. The design of reinforced noncylinder pipe
is covered in chapter 7 of this manual. The maximum working pressure is limited by
the standard to 55 psi (379 kPa).

Joints
The standard joints for reinforced noncylinder pipe are illustrated in Figure 2-6. 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 reinforced noncylinder pipe
may be steel joint rings or formed concrete surfaces. 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
(AWWA C300- and AWWA C301-type pipe, respectively). Concrete joints, as shown in
Figure 2-6B, are not grouted.

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

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

A. AWWA C302-type pipe with steel joint rings

B. AWWA C302-type pipe with concrete joint rings
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10    CONCRETE PRESSURE PIPE

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 ½ in. (13 mm) for sizes up to and including 16 in. (410 mm), and 
¾ 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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Concrete bar-wrapped cylinder pipe (ANSI/AWWA C303-type pipe) Figure 2-7	

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

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  

 in. (19 mm) for larger sizes. After the lining is cured, the cylinder is wrapped with
a smooth, hot-rolled steel bar, using a 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.

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

Copyright (C) 1999   American Water Works Association   All Rights Reserved

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,
depending 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 chapter 7
of this manual. This procedure is based on semirigid pipe theory in which internal
pressure and external load are designed for separately but not in combination. The
maximum operating pressure for bar-wrapped cylinder pipe rarely exceeds 400 psi
(2,758 kPa). Since the theory of semirigid 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.

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

DESCRIPTION  11

Copyright © 2008 American Water Works Association. All Rights Reserved.
Full document details: AWWA Manual M9 2008 (2014)

https://secure.astm.org/resolver?contentCode=AWWA%7CAWWA%20C303-17%7Cen-US
http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014
http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014


12    CONCRETE PRESSURE PIPE

Installation of a large-diameter wye with reducer attachedFigure 2-9	

 
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-
ing Experiment Station. Iowa State  
University.

Source: Hanson Pressure Pipe
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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 FOR MULAS__________________________________________
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 hydraulics 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 = 1.318ChR 0.63S  0.54	 (Eq 3-1)

Where:
	 V 		 =	 velocity, ft/sec
	 Ch		 =	 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 hL/L, where  
				    hL equals head loss in feet occurring in a pipe of length L in ft

AWWA MANUAL M9
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For circular conduits flowing full, the equation becomes

	 V  = 0.550Chd  0.63(hL/L)0.54	  (Eq 3-2)

Where:
		  V		  =	 velocity, ft/sec
		  Ch		 =	 Hazen–Williams roughness coefficient
		  d		  =	 inside diameter of the pipe, ft
		  hL		 =	 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 Ch:

												            Ch 	 = 	139.3 + 2.028d						             	              (Eq 3-3)

Where:
		  Ch		 =	 Hazen–Williams roughness coefficient
		  d		  =	 inside diameter of pipe, ft

Table 3-2 compares theoretical Hazen–Williams Ch 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 Ch value for any size pipe; however, for 
design purposes the following conservative values are suggested:

Diameter, in. C
h
 Value

16 to 48 140
54 to 108 145

114 and larger 150

Various forms of the Hazen–Williams formulaTable 3-1	

In Terms of:
Velocity,  

fps
Flow Rate,  

cfs

General equation V = 0.550C
h
d0.63(h

L
/L)0.54 Q = 0.432C

h
d2.63(h

L
/L)0.54

Head loss, ft h
L
 = 3.021(L/d1.167)(V/C

h
)1.852 h

L
 = 4.726(L/d4.870)(Q/C

h
)1.852

Pipe diameter, ft d = 2.580(V/C
h
)1.587(L/h

L
)0.857 d = 1.376(Q/C

h
)0.380(L/h

L
)0.205

Pipe length, ft L = 0.331h
L
d1.167(C

h
/V)1.852 L = 0.212h

L
d4.870 (C

h
/Q)1.852

Roughness coefficient C
h
 = 1.817(V/d0.63)(L/h

L
)0.54 C

h
 = 2.313(Q/d2.63)(L/h

L
)0.54
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Hydraulic profile for a gravity flow systemFigure 3-1	

Hydraulic profile for a pumped flow systemFigure 3-2	
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 Comparison of theoretical Hazen–Williams Table 3-2	 Ch values to tested Ch values*

Sample 
Number

Diameter 
in.

C
h
 

Measured
C

h
 

Theoretical
Percent of  
Theoretical

1 24.0 145.0 143.4 101.1
2 30.0 147.0 144.4 101.8
3 30.0 145.0 144.4 100.4
4 31.5 147.0 144.6 101.6
5 31.8 152.0 144.7 105.1

6 36.0 143.0 145.4 98.4
7 36.0 150.0 145.4 103.2
8 36.0 141.5 145.4 97.3
9 36.0 142.5 145.4 98.0

10 36.0 150.0 145.4 103.2

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 48.0 146.0 147.4 99.0
20 48.0 150.5 147.4 102.1

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 48.0 156.5 147.4 106.2
44 48.0 152.0 147.4 103.1

45 48.0 149.5 147.4 101.4

46 48.0 153.5 147.4 104.1

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 54.0 152.0 148.4 102.4

Table continued next page.
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Table 3-2        Comparison of theoretical Hazen–Williams Ch values to tested Ch values* (continued)

Sample 
Number

Diameter 
in.

C
h
 

Measured
C

h
 

Theoretical
Percent of  
Theoretical

51 54.0 143.0 148.4 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 31.4 138.0 144.6 95.4

64 36.0 147.0 145.4 101.1

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

	 h
d g
fLV
2

2

L = 	 (Eq 3-4)

Where:
	 hL		 =	 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/sec2
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The Moody diagram for friction in pipeFigure 3-3	Figure 3-3 The Moody diagram for friction in pipe

18  CONCRETE PRESSURE PIPE

Copyright (C) 1999   American Water Works Association   All Rights Reserved
Copyright © 2008 American Water Works Association. All Rights Reserved.

Full document details: AWWA Manual M9 2008 (2014)

http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014
http://www.avadocuments.com/doc/awwa-manual-m9-2008-2014


HYDRAULICS    19   

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 (Re  ) 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
v

dV
e = 	 (Eq 3-5)

Where:
	 Re		 =	 Reynolds number
	 d		  =	 inside diameter of the pipe, ft
	 V		  =	 velocity, ft/sec
	 v		  =	 kinematic viscosity of the fluid, ft2/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 × 10–5 to 7.5 × 10–4, and the recommended 
design range is 3.5 × 10–4 to 4.0 × 10–4. 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 (f) is preferred, it may be 
obtained by iteration from the Colebrook–White equation:

 (Eq 3-6)

Where:
	 f		  =	 Darcy friction factor
	 e		  =	 absolute roughness, ft
	 d		  =	 inside diameter of the pipe, ft

	 Re		 =	 Reynolds number

Kinematic viscosity of waterTable 3-3	

Temperature, °F Kinematic Viscosity (o ), ft2/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

.
.log

f d
e

R f

1 2
3 7

2 51
10

e

=- += G
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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 0.67S 0.5/nM	 (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
	 nM	 =	 Manning roughness coefficient

For pressure flow in round conduit, this equation becomes

	 V = (0.590d 0.67/nM) (hL/L)0.5	 (Eq 3-8)

Where:
	 V		  =	 velocity, ft/sec
	 nM	 =	 Manning roughness coefficient
	 d		  =	 inside diameter of the pipe, ft
	 hL		 =	 head loss, in feet, occurring in a pipe of length L, ft

For concrete pressure pipe, the value for the Manning roughness coefficient nM  
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.
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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 

													             hL = CLV 2/(2g)				           							             (Eq 3-9)

Where:
	 hL		 =	 head loss, ft
	 CL	 =	 a dimensionless coefficient
	 V		  =	 velocity, ft/sec
	 g		  =	 gravitational constant, 32.2 ft/sec2

Figure 3‑4 presents values of CL 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 Le. 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   =   (1.27Q/V )0.5	 (Eq 3-10)
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Approximate loss coefficients for commonly encountered flow configurationsFigure 3-4	

Figure 3-4 Approximate loss coefficients for commonly encountered flow configurations
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Equivalent length formulasTable 3-4	

Friction Formula Equivalent Length Formula

Hazen–Williams .L C
g

V d C
0 331

2

. . .

e L
h

0 148 1 167 1 852

=

Darcy–Weisbach L
e
  = C

L
(d / f)

Manning .L C
g n

d0 348
2

.

e L

M

2

1 333

=
^ h

Note: Definition of variables:
	 Le	 =	 length of pipe that would have a frictional head loss equal to the minor loss created by fitting, ft
	 CL	 =	 loss coefficient
	 V	 =	 velocity, ft/sec
	 d	 =	 inside diameter of the pipe, ft
	 Ch	 =	 Hazen–Williams roughness coefficient
	 g	 =	 gravitational constant, 32.2 ft/sec2

	 f	 =	 Darcy friction factor

	 nM	 =	 Manning roughness coefficient

Where:
	 d		  =	 inside diameter of the pipe, ft
	 Q		 =	 flow rate, ft3/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:

	 852.1870.4 )/()/726.4( hf CQdLh ′= 	 (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 (Le), ft
	 Q		 =	 flow rate, ft3/sec
	 Ch		 =	 Hazen–Williams roughness coefficient
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The power required to overcome the total head loss may be determined from

	 Pp = (Qhfγ)/550	 (Eq 3-12)

Where:
	 Pp		 =	 pump power requirements, hp
	 Q		 =	 flow rate, ft3/sec
	 hf	 	 =	 total head loss, ft
	 γ		  =	 unit weight of the fluid, lb/ft3; for water at  
				    50°F, γ = 62.41 lb/ft3

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:

	 Cost/year =
pump eff. # motor eff._ i

0.745 # Pp # power cost # hours/year^ h 	 (Eq 3-13)

Where:
	   Cost/year		  =	 pumping power cost per year, $
	               Pp		  =	 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.

REFERENCES________________________________________________
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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 Tc 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 Tc may be determined from

	 Tc = 2L/a	 (Eq 4-1)
Where:
		  Tc		 =	 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 Tc, 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 

AWWA MANUAL M9
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 Idealized surge cycle for instantaneous pump shutdownFigure 4-1	
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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

	 Hs = a(Vi – Vf  ) /g	 (Eq 4-2)

Where:
		  Hs   =		  pressure rise due to surge, ft
		  a     =		  wave speed, ft/sec
		  Vi    =		  initial fluid velocity, ft/sec
		  Vf    =		  fluid velocity at time t = Tc, ft/sec
		  g     =		  gravitational constant, 32.2 ft/sec2

If flow is completely stopped in t < Tc seconds, Vf is equal to zero and the formula 
reduces to

	 H
g

aV
s = 	 (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 Tc. 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:

	 /
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	 (Eq 4-4)

Where:
	 a     =	 wave speed, ft/sec
	 EL   =	 bulk modulus of the liquid, psi	(300,000 psi for water)
	 ρ      =	 mass density of the fluid, lb-s2/ft4 (1.94 lb‑s2/ft4 for water)
	 D     =	 inside diameter of the pipe, in.
	 Ep		 =	 modulus of elasticity of the pipe wall, psi
	 t		  =	 transformed pipe wall thickness, in.
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For water, (144EL/ρ)0.5 = 4,720 ft/s, and Eq. 4-4 becomes

	
5.0

1

720,4








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


+

=

tE
DE

a

p

L 	 (Eq 4-5) 

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 Ep 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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Design values—surge wave velocities, Table 4-1	 ft/sec (m/sec)

AWWA Description

Pipe Class, psi (kPa)

100 (689) 150 (1,034) 200 (1,379)

Prestressed concrete 
pressure pipe, steel  
cylinder type (ANSI/
AWWA C301-type 
pipe)

Lined  
cylinder 

    3,500–3,750  (1,067–1,143) 3,400–3,775 (1,036–1,151) 3,350–3,850 (1,021–1,173)

Embedded 
cylinder

3,025–3,625    (922–1,105) 3,000–3,650    (914–1,113) 2,975–3,675    (907–1,120)

Concrete water pipe,  
bar-wrapped steel  
cylinder type (ANSI/
AWWA C303-type pipe)

3,175–3,875    (968–1,181) 3,325–3,925 (1,013–1,196) 3,450–3,975 (1,052–1,211)

	 	
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.

CONTROL 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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