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FOREWORD
 the principal objective in compiling the material for this CONCRETE PIPE 

DESIGN MANUAL was to present data and information on the design of concrete 

pipe systems in a readily usable form. the Design manual is a companion volume 

to the CONCRETE PIPE HANDBOOK which provides an up-to-date compilation 

of the concepts and theories which form the basis for the design and installation of 

precast concrete pipe sewers and culverts and explanations for the charts, tables 

and design procedures summarized in the Design manual.

 special recognition is acknowledged for the contribution of the staff of the 

American Concrete Pipe Association and the technical review and assistance 

of the engineers of the member companies of the Association in preparing this 

Design manual. Also acknowledged is the development work of the American 

Association of state Highway and transportation officials, American society 

of Civil engineers, U. s. Army Corps of engineers, U. s. Federal Highway 

Administration, Bureau of reclamation, iowa state University, natural resources 

Conservation service, Water environment Federation, and many others. Credit for 

much of the data in this manual goes to the engineers of these organizations and 

agencies. every effort has been made to assure accuracy, and technical data are 

considered reliable, but no guarantee is made or liability assumed.
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CHAPTER 1

INTRODUCTION

the design and construction of sewers and culverts are among the most 
important areas of public works engineering and, like all engineering projects, they 
involve various stages of development. the information presented in this manual 
does not cover all phases of the project, and the engineer may need to consult 
additional references for the data required to complete preliminary surveys.

this manual is a compilation of data on concrete pipe, and it was planned to 
provide all design information needed by the engineer when he begins to consider 
the type and shape of pipe to be used. All equations used in developing the 
figures and tables are shown along with limited supporting theory. A condensed 
bibliography of literature references is included to assist the engineer who wishes 
to further study the development of these equations.

Chapters have been arranged so the descriptive information can be easily 
followed into the tables and figures containing data which enable the engineer to 
select the required type and size concrete pipe without the lengthy computations 
previously required. All of these design aids are presently published in engineering 
textbooks or represent the computer analysis of involved equations. supplemental 
data and information are included to assist in completing this important phase 
of the project, and illustrative example problems are presented in Chapters 2 
through 4. A review of these examples will indicate the relative ease with which 
this manual can be used.

the revised Chapter 4 on Loads and supporting strengths incorporates 
the standard installations for concrete pipe bedding and design. the standard 
installations are compatible with today's methods of installation and incorporate 
the latest research on concrete pipe. in 1996 the B, C, and D beddings, 
researched by Anson marston and merlin spangler, were replaced in the AAsHto 
Bridge specifications by the standard installations. A description of the B, C, 
and D beddings along with the appropriate design procedures are included in 
Appendix B of this manual to facilitate designs still using these beddings.
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CHAPTER 2

HYDRAULICS OF SEWERS
the hydraulic design procedure for sewers requires:

 1. Determination of sewer system type
 2. Determination of Design Flow
 3. selection of Pipe size
 4. Determination of Flow Velocity

SANITARY SEWERS

DETERMINATION OF SEWER SYSTEM TYPE
sanitary sewers are designed to carry domestic, commercial and industrial 

sewage with consideration given to possible infiltration of ground water. All types 
of flow are designed on the basis of having the flow characteristics of water.

DETERMINATION OF DESIGN FLOW
in designing sanitary sewers, average, peak and minimum flows are 

considered. Average flow is determined or selected, and a factor applied to arrive 
at the peak flow which is used for selecting pipe size. minimum flows are used to 
determine if specified velocities can be maintained to prevent deposition of solids.

Average Flow. the average flow, usually expressed in gallons per day, is 
a hypothetical quantity which is derived from past data and experience. With 
adequate local historical records, the average rate of water consumption can be 
related to the average sewage flow from domestic, commercial and industrial 
sources. Without such records, information on probable average flows can be 
obtained from other sources such as state or national agencies. requirements for 
minimum average flows are usually specified by local or state sanitary authorities 
or local, state and national public health agencies. table 1 lists design criteria 
for domestic sewage flows for various municipalities. Commercial and industrial 
sewage flows are listed in table 2. these tables were adapted from the “Design 
and Construction of sanitary and storm sewers,” published by American society 
of Civil engineers and Water Pollution Control Federation. to apply flow criteria 
in the design of a sewer system, it is necessary to determine present and future 
zoning, population densities and types of business and industry.

Peak Flow. the actual flow in a sanitary sewer is variable, and many studies 
have been made of hourly, daily and seasonal variations. typical results of one 
study are shown in Figure i adapted from “Design and Construction of sanitary 
and storm sewers,” published by the American society of Civil engineers and 
Water Pollution Control Federation. maximum and minimum daily flows are used 
in the design of treatment plants, but the sanitary sewer must carry the peak 
flow that will occur during its design life. this peak flow is defined as the mean 
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rate of the maximum flow occurring during a 15-minute period for any 12-month 
period and is determined by multiplying average daily flow by an appropriate 
factor. estimates of this factor range from 4.0 to 5.5 for design populations of one 
thousand, to a factor of 1.5 to 2.0 for design population of one million. tables 1 
and 2 list minimum peak loads used by some municipalities as a basis for design.

Minimum Flow. A minimum velocity of 2 feet per second, when the pipe 
is flowing full or half full, will prevent deposition of solids. the design should be 
checked using the minimum flow to determine if this self-cleaning velocity is 
maintained.

SELECTION OF PIPE SIZE
After the design flows have been calculated, pipe size is selected using 

manning’s formula. the formula can be solved by selecting a pipe roughness 
coefficient, and assuming a pipe size and slope. However, this trial and error 
method is not necessary since nomographs, tables, graphs and computer 
programs provide a direct solution.

Manning’s Formula. manning’s formula for selecting pipe size is:

 Q  =              AR    S                                                                       (1)1.486 2/3 1/2
n

A constant 
C1 =              AR1.486 2/3

n  which depends only on the geometry and
characteristics of the pipe enables manning’s formula to be written as:

 Q  =  C1S                                                                                        (2)1/2  
tables 3, 4, 5 and 6 list full flow values of C1 for circular pipe, elliptical
pipe, arch pipe, and box sections. table A-1 in the Appendix lists values of
s1/2.

Manning’s “n” Value. the difference between laboratory test values of 
manning’s “n” and accepted design values is significant. numerous tests by public 
and other agencies have established manning’s “n” laboratory values. However, 
these laboratory results were obtained utilizing clean water and straight pipe 
sections without bends, manholes, debris, or other obstructions. the laboratory 
results indicated the only differences were between smooth wall and rough wall 
pipes. rough wall, or corrugated pipe, have relatively high “n” values which are 
approximately 2.5 to 3 times those of smooth wall pipe.

All smooth wall pipes, such as concrete and plastic, were found to have “n” 
values ranging between 0.009 and 0.010, but, historically, engineers familiar 
with sewers have used 0.012 and 0.013. this “design factor” of 20-30 percent 
takes into account the difference between laboratory testing and actual installed 
conditions. the use of such design factors is good engineering practice, and, to 
be consistent for all pipe materials, the applicable manning’s “ ” laboratory value 
should be increased a similar amount in order to arrive at design values.

American Concrete Pipe Association • www.concrete-pipe.org



 Hydraulics of sewers 5

Full Flow Graphs. Graphical solutions of manning’s formula are presented 
for circular pipe in Figures 2 through 5 and for horizontal elliptical pipe, vertical 
elliptical pipe, arch pipe and box sections in Figures 6 through 19. When flow, 
slope and roughness coefficient are known, pipe size and the resulting velocity for 
full flow can be determined.

Partially Full Flow Graphs. Velocity, hydraulic radius and quantity and area 
of flow vary with the depth of flow. these values are proportionate to full flow 
values and for any depth of flow are plotted for circular pipe, horizontal elliptical 
pipe, vertical elliptical pipe, arch pipe, and box sections in Figures 20 through 24.

DETERMINATION OF FLOW VELOCITY
Minimum Velocity. slopes required to maintain a velocity of 2 feet per 

second under full flow conditions with various “n” values are listed in table 7 for 
circular pipe. the slopes required to maintain velocities other than 2 feet per 
second under full flow conditions can be obtained by multiplying the tabulated 
values by one-fourth of the velocity squared or by solving manning’s formula using 
Figures 2 through 19.

Maximum Velocity. maximum design velocities for clear effluent in concrete 
pipe can be very high. Unless governed by topography or other restrictions, 
pipe slopes should be set as flat as possible to reduce excavation costs and 
consequently velocities are held close to the minimum.

STORM SEWERS

DETERMINATION OF SEWER SYSTEM TYPE
storm sewers are designed to carry precipitation runoff, surface waters and, 

in some instances, ground water. storm water flow is analyzed on the basis of 
having the flow characteristics of water. 

DETERMINATION OF DESIGN FLOW
the rational method is widely used for determining design flows in urban 

and small watersheds. the method assumes that the maximum rate of runoff for 
a given intensity occurs when the duration of the storm is such that all parts of the 
watershed are contributing to the runoff at the interception point. the formula used 
is an empirical equation that relates the quantity of runoff from a given area to the 
total rainfall falling at a uniform rate on the same area and is expressed as:

 Q = CiA                                                                                          (3)

the runoff coefficient “C” and the drainage area “A” are both constant for a 
given area at a given time. rainfall intensity “ i “, however, is determined by using 
an appropriate storm frequency and duration which are selected on the basis of 
economics and engineering judgment. storm sewers are designed on the basis 
that they will flow full during storms occurring at certain intervals. storm frequency 
is selected through consideration of the size of drainage area, probable flooding, 
possible flood damage and projected development schedule for the area.
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Runoff Coefficient. the runoff coefficient “C” is the ratio of the average rate 
of rainfall on an area to the maximum rate of runoff. normally ranging between 
zero and unity, the runoff coefficient can exceed unity in those areas where rainfall 
occurs in conjunction with melting snow or ice. the soil characteristics, such as 
porosity, permeability and whether or not it is frozen are important considerations. 
Another factor to consider is ground cover, such as paved, grassy or wooded. in 
certain areas, the coefficient depends upon the slope of the terrain. Duration of 
rainfall and shape of area are also important factors in special instances. Average 
values for different areas are listed in table 8.

Rainfall Intensity. rainfall intensity “ i “ is the amount of rainfall measured 
in inches per hour that would be expected to occur during a storm of a certain 
duration. the storm frequency is the time in years in which a certain storm would 
be expected again and is determined statistically from available rainfall data.

several sources, such as the U. s. Weather Bureau, have published 
tables and graphs for various areas of the country which show the relationship 
between rainfall intensity, storm duration and storm frequency. to illustrate these 
relationships, the subsequent figures and tables are presented as examples only, 
and specific design information is available for most areas. For a 2-year frequency 
storm of 30-minute duration, the expected rainfall intensities for the United states 
are plotted on the map in Figure 25. these intensities could be converted to 
storms of other durations and frequencies by using factors as listed in tables 9 
and 10 and an intensity-duration-frequency curve constructed as shown in Figure 
26.

Time of Concentration. the time of concentration at any point in a sewer 
system is the time required for runoff from the most remote portion of the drainage 
area to reach that point. the most remote portion provides the longest time of 
concentration but is not necessarily the most distant point in the drainage area. 
since a basic assumption of the rational method is that all portions of the area 
are contributing runoff, the time of concentration is used as the storm duration 
in calculating the intensity. the time of concentration consists of the time of flow 
from the most remote portion of the drainage area to the first inlet (called the 
inlet time) and the time of flow from the inlet through the system to the point 
under consideration (called the flow time). the inlet time is affected by the rainfall 
intensity, topography and ground conditions. many designers use inlet times 
ranging from a minimum of 5 minutes for densely developed areas with closely 
spaced inlets to a maximum of 30 minutes for flat residential areas with widely 
spaced inlets. if the inlet time exceeds 30 minutes, then a detailed analysis is 
required because a very small inlet time will result in an overdesigned system 
while conversely for a very long inlet time the system will be underdesigned.

Runoff Area. the runoff area “A” is the drainage area in acres served by the 
storm sewer. this area can be accurately determined from topographic maps or 
field surveys.
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SELECTION OF PIPE SIZE
Manning’s Formula. manning’s formula for selecting pipe size is:

 Q  =              AR    S                                                                       (1)1.486 2/3 1/2
n

A constant 
C1 =              AR1.486 2/3

n  which depends only on the geometry and
characteristics of the pipe enables manning’s formula to be written as:

 Q  =  C1S                                                                                        (2)1/2

tables 3, 4, 5 and 6 for circular pipe, elliptical pipe, arch pipe, and box 
sections with full flow and table A-1 in the Appendix for values of C1 and s1/2 
respectively are used to solve formula (2). Graphical solutions of manning’s 
formula (1) are presented in Figures 2 through 5 for circular pipe, and Figures 6 
through 19 for horizontal elliptical pipe, vertical elliptical pipe, arch pipe and box 
sections under full flow conditions.

Partial flow problems can be solved with the proportionate relationships 
plotted in Figure 20 through 24.

Manning’s “n” Value. the difference between laboratory test values of 
manning’s “n” and accepted design values is significant. numerous tests by public 
and other agencies have established manning’s “n” laboratory values. However, 
these laboratory results were obtained utilizing clean water and straight pipe 
sections without bends, manholes, debris, or other obstructions. the laboratory 
results indicated the only differences were between smooth wall and rough wall 
pipes. rough wall, or corrugated pipe, have relatively high “n” values which are 
approximately 2.5 to 3 times those of smooth wall pipe.

All smooth wall pipes, such as concrete and plastic, were found to have “n” 
values ranging between 0.009 and 0.010, but, historically, engineers familiar with 
sewers have used 0.012 or 0.013. this “design factor” of 20-30 percent takes into 
account the difference between laboratory testing and actual installed conditions. 
the use of such design factors is good engineering practice, and, to be consistent 
for all pipe materials, the applicable manning’s “n” laboratory value should be 
increased a similar amount in order to arrive at design values.

DETERMINATION OF FLOW VELOCITY
Minimum Velocity. the debris entering a storm sewer system will generally 

have a higher specific gravity than sanitary sewage, therefore a minimum velocity 
of 3 feet per second is usually specified. the pipe slopes required to maintain 
this velocity can be calculated from table 7 or by solving manning’s formula using 
Figures 2 through 19.

Maximum Velocity. tests have indicated that concrete pipe can carry clear 
water of extremely high velocities without eroding. Actual performance records of 
storm sewers on grades up to 45 percent and carrying high percentages of solids 
indicate that erosion is seldom a problem with concrete pipe.
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EXAMPLE PROBLEMS
EXAMPLE 2 - 1

STORM SEWER FLOW

Given: the inside diameter of a circular concrete pipe storm sewer is 48 
inches, “n” = 0.012 and slope is 0.006 feet per foot.

Find: the full flow capacity, “Q”.

Solution: the problem can be solved using Figure 4 or table 3.

Figure 4 the slope for the sewer is 0.006 feet per foot or 0.60 feet per 100 feet. 
Find this slope on the horizontal axis. Proceed verticaly along the 0.60 
line to the intersection of this line and the curve labelled 48 inches. 
Proceed horizontally to the vertical axis and read Q = 121 cubic feet per 
second.

Table 3 enter table 3 under the column n = 0.012 for a 48-inch diameter pipe 
and find C1, = 1556. For s = 0.006, find s1/2 = 0.07746 in table A-1. 
then Q = 1556 X 0.07746 or 121 cubic feet per second.

Answer: Q = 121 cubic feet per second.
.

EXAMPLE 2 - 2
REQUIRED SANITARY SEWER SIZE

Given: A concrete pipe sanitary sewer with “n” = 0.013, slope of 0.6 percent 
and required full flow capacity of 110 cubic feet per second.

Find: size of circular concrete pipe required.

Solution: this problem can be solved using Figure 5 or table 3.

Figure 5 Find the intersection of a horizontal line through Q = 110 cubic feet per 
second and a slope of 0.60 feet per 100 feet. the minimum size sewer 
is 48 inches.

Table 3 For Q = 110 cubic feet per second and s1/2 = 0.07746

 
C1 =           =                  = 1420 110

0.07746
Q

1/2S  

 in the table, 1436 is the closest value of C1, equal to or larger than 
1420, so the minimum size sewer is 48 inches.
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Answer: A 48-inch diameter circular pipe would have more than adequate 
capacity.

EXAMPLE 2 - 3
STORM SEWER MINIMUM SLOPE

Given: A 48-inch diameter circular concrete pipe storm sewer, “n” = 0.012 and 
flowing one-third full.

Find: slope required to maintain a minimum velocity of 3 feet per second.

Solution: enter Figure 20 on the vertical scale at Depth of Flow = 0.33 and 
project a horizontal line to the curved line representing velocity. on the 
horizontal scale directly beneath the point of intersection read a value of 
0.81 which represents the proportional value to full flow.

 

       = 0.81V
Vfull

0.81
VVfull   =

0.81
3       =

      =  3.7

 enter Figure 4 and at the intersection of the line representing 48-inch 
diameter and the interpolated velocity line of 3.7 read a slope of 0.088 
percent on the horizontal scale.

Answer: the slope required to maintain a minimum velocity of 3 feet per second 
at one-third full is 0.088 percent.

EXAMPLE 2 - 4
SANITARY SEWER DESIGN

General: A multi-family housing project is being developed on 350 acres of rolling 
to flat ground. Zoning regulations establish a population density of 30 
persons per acre. the state Department of Health specifies 100 gallons 
per capita per day as the average and 500 gallons per capita per day 
as the peak domestic sewage flow, and an infiltration allowance of 500 
gallons per acre per day.

 Circular concrete pipe will be used, “n”= 0.013, designed to flow full 
at peak load with a minimum velocity of 2 feet per second at one-third 
peak flow. maximum spacing between manholes will be 400 feet.
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Given: Population Density = 30 persons per acre
 Average Flow = 100 gallons per capita per day
 Peak Flow = 500 gallons per capita per day
 infiltration = 500 gallons per acre per day
 manning’s roughness = 0.0 13 (See discussion of Manning’s
   Coefficient “n” Value)
 minimum Velocity = 2 feet per second @ 1/3 peak flow

Find: Design the final 400 feet of pipe between manhole nos. 20 and 21, 
which serves 58 acres in addition to carrying the load from the previous 
pipe which serves the remaining 292 acres.

Solution: 1. Design Flow

 Population-manhole 1 to 20 = 30 X 292 = 8760
 Population-manhole 20 to 21 = 30 X 58 = 1740
 total population 10,500 persons
 Peak flow-manhole
  1 to 20 = 500 X 8760 = 4,380,000 gallons per day
 infiltration-manhole
  1 to 20 - 500 X 292 = 146,000 gallons per day
 Peak flow-manhole
  20 to 21 = 500 X 1740 = 870,000 gallons per day
 infiltration-manhole
  20 to 21 = 500 X 58 = 29,000 gallons per day

 total Peak flow = 5,425,000 gallons per day
  use 5,425,000 gallons per day or 8.4 cubic feet per second

 2. selection of Pipe size

 in designing the sewer system, selection of pipe begins at the first 
manhole and proceeds downstream. the section of pipe preceding the 
final section is an 18-inch diameter, with slope = 0.0045 feet per foot. 
therefore, for the final section the same pipe size will be checked and 
used unless it has inadequate capacity, excessive slope or inadequate 
velocity.

 enter Figure 5, from Q = 8.4 cubic feet per second on the vertical scale 
project a horizontal line to the 18-inch diameter pipe, read velocity = 4.7 
feet per second.

 From the intersection, project a vertical line to the horizontal scale, read 
slope = 0.63 feet per 100 feet.
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 3. Partial Flow

 enter Figure 20, from Proportion of Value for Full Flow = 0.33 on the 
horizontal scale project a line vertically to “flow” curve, from intersection 
project a line horizontally to “velocity” curve, from intersection project a 
line vertically to horizontal scale, read Proportion of Value for Full Flow 
- 0.83.

 Velocity at minimum flow = 0.83 X 4.7 = 3.9 feet per second.

Answer: Use 18-inch diameter concrete pipe with slope of 0.0063 feet
 per foot.
 
 the preceding computations are summarized in the following
 tabular forms, illustrations 2.1 and 2.2.

Illustration 2.1 - Population and Flow

Illustration 2.2 - Sanitary Sewer Design Data

EXAMPLE 2 - 5
STORM SEWER DESIGN

General: A portion of the storm sewer system for the multi-family development 
is to serve a drainage area of about 30 acres. the state Department 
of Health specifies a 10-inch diameter minimum pipe size.

   Manhole
 Manhole SEwER Flow-line Elevations

   Flow Length Slope Pipe Velocity Fall
 No. Sta. cfs ft. ft./ft. Dia. in. fps ft. In Out

 19 46 7.0       389.51

 20 50 8.4 400 0.0045 18 4.0 1.80 387.71 387.71

 21 54  400 0.0063 18 4.7 2.52 385.19

 DRAINAGE AREA PEAK-FLOw - MGD          Cum.
 Manhole   Ultimate  Indus- Infil-  Cum. Flow
 No. Zoning Acres Population Domestic trial tration Total Total cfs.

 19 From Preceeding Computations ................................................................... 4.53 7.0

  Multi-
 20 family 58 1740 .087 – 0.03 0.90 5.43 8.4

 21 Trunk Sewer Interceptor Manhole
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 Circular concrete pipe will be used,”n” = 0.011, with a minimum 
velocity of 3 feet per second when flowing full. minimum time of 
concentration is 10 minutes with a maximum spacing between 
manholes of 400 feet.

Given: Drainage Area A = 30 acres (total)
 runoff Coefficient C = 0.40
 rainfall intensity i as shown in Figure 26
 roughness Coefficient n = 0.0 11 (see discussion of manning’s
    “n” Value)
 Velocity V = 3.0 feet per second (minimum at
    full flow)

Find: Design of the storm system as shown in illustration 2.3, “Plan for 
storm sewer example,” adapted from “Design and Construction of 
Concrete sewers,” published by the Portland Cement Association.

Solution: the hydraulic properties of the storm sewer will be entered as they 
are determined on the example form illustration 2.4, “Computation 
sheet for Hydraulic Properties of storm sewer.” the design of the 
system begins at the upper manhole and proceeds downstream.

 the areas contributing to each manhole are determined, entered 
incrementally in column 4, and as cumulative totals in column 5. the 
initial inlet time of 10 minutes minimum is entered in column 6, line 
1, and from Figure 26 the intensity is found to be 4.2 inches per hour 
which is entered in column 8, line 1. solving the rational formula,  
Q = 1.68 cubic feet per second is entered in column 9, line 1. enter 
Figure 3, for V = 3 feet per second and Q = 1.68 cubic feet per 
second, the 10-inch diameter pipe requires a slope = 0.39 feet per 
100 feet. Columns 10, 12, 13, 14, 15 and 16, line 1, are now filled 
in. the flow time from manhole 7 to 6 is found by dividing the length 
(300 feet) between manholes by the velocity of flow (3 feet per 
second) and converting the answers to minutes (1.7 minutes) which 
is entered in column 7, line 1. this time increment is added to the  
10-minute time of concentration for manhole 7 to arrive at 11.7 
minutes time of concentration for manhole 6 which is entered in 
column 6, line 2.

 From Figure 26, the intensity is found to be 4.0 inches per hour for a 
time of concentration of 11.7 minutes which is entered in column 8, 
line 2. the procedure outlined in the preceding paragraph is repeated 
for each section of sewer as shown in the table.

Answer: the design pipe sizes, slopes and other properties are as indicated in 
illustration 2.4.
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Illustration 2.3-Plan for Storm Sewer Example

Illustration 2.4-Computation Sheet for Hydraulic Properties of Storm Sewer

EXAMPLE 2 - 6
SANITARY SEWER DESIGN

Given: A concrete box section sanitary sewer with “n” = 0.013, slope of 1.0% 
and required full flow capacity of 250 cubic feet per second.
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Find: size of concrete box section required for full flow.

Solution: this problem can be solved using Figure 19 or table 6.

Figure 19 Find the intersection of a horizontal line through Q = 250 cubic feet 
per second and a slope of 1.0 feet per 100 feet. the minimum size 
box section is either a 6 foot span by 4 foot rise or a 5 foot span by 5 
foot rise.

Table 6 For Q = 250 cubic feet per second and s1/2 = 0. 100

   C1  =         =             =  2,500
0.100
250

1/2

Q
S

 
 in table 6, under the column headed n = 0.013, 3,338 is the first value 

of C1, equal to or larger than 2,500, therefore a box section with a 
5 foot span X a 5 foot rise is adequate. Looking further in the same 
column, a box section with a 6 foot span and a 4 foot rise is found 
to have a C1, value of 3,096, therefore a 6 X 4 box section is also 
adequate.

Answer: either a 5 foot X 5 foot or a 6 foot X 4 foot box section would have 
a full flow capacity equal to or greater than Q = 250 cubic feet per 
second.
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CHAPTER 3

HYDRAULICS OF CULVERTS
the hydraulic design procedure for culverts requires:

 1. Determination of Design Flow
 2. selection of Culvert size
 3. Determination of outlet Velocity

DETERMINATION OF DESIGN FLOW
the United states Geological survey has developed a nationwide series of 

water-supply papers titled the “magnitude and Frequency of Floods in the United 
states.” these reports contain tables of maximum known floods and charts for 
estimating the probable magnitude of floods of frequencies ranging from 1. 1 to 
50 years. table 11 indicates the Geological survey regions, UsGs district and 
principal field offices and the applicable water-supply paper numbers. most states 
have adapted and consolidated those parts of the water-supply papers which 
pertain to specific hydrologic areas within the particular state. the hydrologic 
design procedures developed by the various states enable quick and accurate 
determination of design flow. it is recommended that the culvert design flow be 
determined by methods based on UsGs data.

if UsGs data are not available for a particular culvert location, flow quantities 
may be determined by the rational method or by statistical methods using records 
of flow and runoff. An example of the latter method is a nomograph developed by 
California and shown in Figure 27.

FACTORS AFFECTING CULVERT DISCHARGE
Factors affecting culvert discharge are depicted on the culvert cross section 

shown in illustration 3.1 and are used in determining the type of discharge control.
Inlet Control. the control section is located at or near the culvert entrance, 

and, for any given shape and size of culvert, the discharge is dependent only on 
the inlet geometry and headwater depth. inlet control will exist as long as water 
can flow through the barrel of the culvert at a greater rate than water can enter 
the inlet. since the control section is at the inlet, the capacity is not affected by 
any hydraulic factors beyond the culvert entrance such as slope, length or surface 
roughness. Culverts operating under inlet control will always flow partially full.

American Concrete Pipe Association • www.concrete-pipe.org



16 Concrete Pipe Design manual

Illustration 3.1 - Factors Affecting Culvert Discharge
 D = inside diameter for circular pipe
 HW = Headwater depth at culvert entrance
 L = Length of culvert
 n = surface roughness of the pipe wall, usually expressed in terms of 

manning’s n
 so = slope of the culvert pipe
 tW = tailwater depth at culvert outlet

Outlet Control. the control section is located at or near the culvert outlet and 
for any given shape and size of culvert, the discharge is dependent on all of the 
hydraulic factors upstream from the outlet such as shape, slope, length, surface 
roughness, tailwater depth, headwater depth and inlet geometry. outlet control will 
exist as long as water can enter the culvert at a greater rate than water can flow 
through it. Culverts operating under outlet control can flow either full or partially 
full.

Critical Depth. Critical flow occurs when the sum of the kinetic energy 
(velocity head) plus the potential energy (static or depth head equal to the depth 
of the flow) for a given discharge is at a minimum. Conversely, the discharge 
through a pipe with a given total energy head will be maximum at critical flow. 
the depth of the flow at this point is defined as critical depth, and the slope 
required to produce the flow is defined as critical slope. Capacity of a culvert with 
an unsubmerged outlet will be established at the point where critical flow occurs. 
since under inlet control, the discharge of the culvert is not reduced by as many 
hydraulic factors as under outlet control, for a given energy head, a culvert will 
have maximum possible discharge if it is operating at critical flow with inlet control. 
the energy head at the inlet control section is approximately equal to the head 
at the inlet minus entrance losses. Discharge is not limited by culvert roughness 
or outlet conditions but is dependent only on the shape and size of the culvert 
entrance. Although the discharge of a culvert operating with inlet control is not 
related to the pipe roughness, the roughness does determine the minimum slope 
(critical slope) at which inlet control will occur. Pipe with a smooth interior can be 
installed on a very flat slope and still have inlet control. Pipe with a rough interior 
must be installed on a much steeper slope to have inlet control. Charts of critical 
depth for various pipe and box section sizes and flows are shown in Figures 28 
through 32.

D

HW

So n

TW

L

Inlet
Geometry
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SELECTION OF CULVERT SIZE
 the many hydraulic design procedures available for determining the 

required size of a culvert vary from empirical formulas to a comprehensive 
mathematical analysis. most empirical formulas, while easy to use, do not lend 
themselves to proper evaluation of all the factors that affect the flow of water 
through a culvert. the mathematical solution, while giving precise results, is time 
consuming. A systematic and simple design procedure for the proper selection 
of a culvert size is provided by Hydraulic engineering Circular no. 5, “Hydraulic 
Charts for the selection of Highway Culverts” and no. 10, “Capacity Charts for the 
Hydraulic Design of Highway Culverts,” developed by the Bureau of Public roads. 
the procedure when selecting a culvert is to determine the headwater depth from 
the charts for both assumed inlet and outlet controls. the solution which yields 
the higher headwater depth indicates the governing control. When this procedure 
is followed, inlet Control nomographs, Figures 33 through 37, and outlet Control 
nomographs, Figures 38 through 41, are used.

An alternative and simpler method is to use the Culvert Capacity Charts, 
Figures 42 through 145. these charts are based on the data given in Circular  
no. 5 and enable the hydraulic solution to be obtained directly without using the 
double solution for both inlet and outlet control required when the nomographs are 
used.

Culvert Capacity Chart Procedure. the Culvert Capacity Charts are 
a convenient tool for selection of pipe sizes when the culvert is installed with 
conditions as indicated on the charts. the nomographs must be used for other 
shapes, roughness coefficients, inlet conditions or submerged outlets.

List Design Data
A. Design discharge Q, in cubic feet per second, with average return period 

(i.e., Q25 or Q50, etc.).
B. Approximate length L of culvert, in feet.
C. slope of culvert.
D. Allowable headwater depth, in feet, which is the vertical distance from 

the culvert invert (flow line) at the entrance to the water surface elevation 
permissible in the headwater pool or approach channel upstream from the 
culvert.

e. mean and maximum flood velocities in natural stream.
F. type of culvert for first trial selection, including barrel cross sectional 

shape and entrance type.

Select Culvert Size
A. select the appropriate capacity chart, Figures 42 to 145, for the culvert 

size approximately equal to the allowable headwater depth divided by 2.0.
B. Project a vertical line from the design discharge Q to the inlet control 

curve. From this intersection project a line horizontally and read the 
headwater depth on the vertical scale. if this headwater depth is more 
than the allowable, try the next larger size pipe. if the headwater depth is 
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less than the allowable, check the outlet control curves.
C. extend the vertical line from the design discharge to the outlet control 

curve representing the length of the culvert. From this intersection project 
a line horizontally and read the headwater depth plus soL on the vertical 
scale. subtract soL from the outlet control value to obtain the headwater 
depth. if the headwater depth is more than the allowable, try the next 
larger size pipe. if the headwater depth is less than the allowable, check 
the next smaller pipe size following the same procedure for both inlet 
control and outlet control.

D. Compare the headwater depths for inlet and outlet control. the higher 
headwater depth indicates the governing control.

Determine Outlet Velocity
A. if outlet control governs, the outlet velocity equals the flow quantity 

divided by the flow cross sectional area at the outlet. Depending upon the 
tailwater conditions, this flow area will be between that corresponding to 
critical depth and the full area of the pipe. if the outlet is not submerged, it 
is usually sufficiently accurate to calculate the flow area based on a depth 
of flow equal to the average of the critical depth and the vertical height of 
the pipe.

B. if inlet control governs, the outlet velocity may be approximated by 
manning’s formula using Figures 2 through 19 for full flow values and 
Figures 20 through 24 for partial flow values.

Record Selection
 record final selection of culvert with size, type, required headwater and 

outlet velocity.

Nomograph Procedure. the nomograph procedure is used for selection of 
culverts with entrance conditions other than projecting or for submerged outlets.

List Design Data
A. Design discharge Q, in cubic feet per second, with average return period 

(i.e., Q25 or Q,50, etc.).
B. Approximate length L of culvert, in feet.
C. slope of culvert.
D. Allowable headwater depth, in feet, which is the vertical distance from 

the culvert invert (flow line) at the entrance to the water surface elevation 
permissible in the headwater pool or approach channel upstream from the 
culvert.

e. mean and maximum flood velocities in natural stream.
F. type of culvert for first trial selection, including barrel cross sectional 

shape and entrance type.
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Select Trial Culvert Size
 select a trial culvert with a rise or diameter equal to the allowable 

headwater divided by 2.0.

Find Headwater Depth for Trial Culvert
A. inlet Control
 (1) Given Q, size and type of culvert, use appropriate inlet control
  nomograph Figures 33 through 37 to find headwater depth:
  (a) Connect with a straightedge the given culvert diameter or height 

(D) and the discharge Q; mark intersection of straightedge on  
HW/D scale marked (1).

  (b) HW/D scale marked (1) represents entrance type used, read 
HW/D on scale (1). if another of the three entrance types listed 
on the nomograph is used, extend the point of intersection in (a) 
horizontally to scale (2) or (3) and read HW/D.

  (c) Compute HW by multiplying HW/D by D.
 (2) if HW is greater or less than allowable, try another trial size until HW is 

acceptable for inlet control.

B. Outlet Control
 (1) Given Q, size and type of culvert and estimated depth of tailwater tW, 

in feet, above the invert at the outlet for the design flood condition in 
the outlet channel:

  (a) Locate appropriate outlet control nomograph (Figures 38 through 
41) for type of culvert selected. Find ke, for entrance type from 
table 12.

  (b) Begin nomograph solution by locating starting point on length scale 
for proper ke.

  (c) Using a straightedge, connect point on length scale to size of 
culvert barrel and mark the point of crossing on the “turning line.”

  (d) Pivot the straightedge on this point on the turning line and connect 
given discharge rate. read head in feet on the head (H) scale.

 (2) For tailwater tW elevation equal to or greater than the top of the 
culvert at the outlet set ho equal to tW and find HW by the following 
equation:

    HW = H + ho - soL      (3)

 (3) For tailwater tW elevations less than the top of the culvert at the 

outlet, use 
ho = 

dc + D 
2  or tW, whichever is the greater, where dc, the 

critical depth in feet is determined from the appropriate critical depth 
chart (Figures 28 through 32).
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C. Compare the headwaters found in paragraphs A (Inlet Control) and B 
(Outlet Control). the higher headwater governs and indicates the flow 
control existing under the given conditions for the trial size selected.

D. if outlet control governs and the HW is higher than acceptable, select a 
larger trial size and find HW as instructed under paragraph B. inlet control 
need not be checked, if the smaller size was satisfactory for this control as 
determined under paragraph A.

Try Another Culvert
 try a culvert of another size or shape and repeat the above procedure.

Determine Outlet Velocity
A. if outlet control governs, the outlet velocity equals the flow quantity 

divided by the flow cross sectional area at the outlet. Depending upon the 
tailwater conditions, this flow area will be between that corresponding to 
critical depth and the full area of the pipe. if the outlet is not submerged, 
it is sufficiently accurate to calculate flow area based on a depth of flow 
equal to the average of the critical depth and vertical height of the pipe.

B. if inlet control governs, the outlet velocity may be approximated by 
manning’s formula using Figures 2 through 19 for full flow values and 
Figures 20 through 24 for partial flow values.

Record Selection
 record final selection of culvert with size, type, required headwater and 

outlet velocity.

EXAMPLE PROBLEMS
EXAMPLE 3 - I

CULVert CAPACitY CHArt ProCeDUre

List Design Data
 A. Q25 = 180 cubic feet per second
  Q50 = 225 cubic feet per second
 B. L = 200 feet
 C. so = 0.01 feet per foot
 D. Allowable HW = 10 feet for 25 and 50-year storms
 e. tW = 3.5 feet for 25-year storm
  tW = 4.0 feet for 50-year storm
 F. Circular concrete culvert with a projecting entrance, n = 0.0 12

Select Culvert Size

 A. try 
D =         =

HW
2.0

10
2.0   = 5 feet or 60 inch diameter as first trial size.

 B. in Figure 54, project a vertical line from Q = 180 cubic feet per second 
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to the inlet control curve and read horizontally HW = 6.2. since HW = 
6.2 is considerably less than the allowable try a 54 inch diameter.

  in Figure 53, project a vertical line from Q = 180 cubic feet per second 
to the inlet control curve and read horizontally HW = 7.2 feet.

  in Figure 53, project a vertical line from Q = 225 cubic feet per second 
to the inlet control curve and read horizontally HW = 9.6 feet.

 C. in Figure 53, extend the vertical line from Q = 180 cubic feet per 
second to the L = 200 feet outlet control curve and read horizontally 
HW + soL = 8.0 feet.

  in Figure 53, extend the vertical line from Q = 225 cubic feet per 
second to the L = 200 feet outlet control curve and read horizontally 
HW + soL = 10.2 feet.

  soL = 0.01 X 200 = 2.0 feet.
  therefore HW = 8.0 - 2.0 = 6.0 feet for 25-year storm
    HW = 10.2 - 2.0 = 8.2 feet for 50-year storm
 D. since the calculated HW for inlet control exceeds the calculated HW 

for outlet control in both cases, inlet control governs for both the 25 
and 50-year storm flows.

Determine Outlet Velocity
 B. enter Figure 4 on the horizontal scale at a pipe slope of 0.01 feet 

per foot (1.0 feet per 100 feet). Project a vertical line to the line 
representing 54-inch pipe diameter. read a full flow value of 210 cubic 
feet per second on the vertical scale and a full flow velocity of 13.5 feet 

per second. Calculate 
        =          = 1.07.
Q50

QFull

225
210

  enter Figure 20 at 1.07 on the horizontal scale and project a vertical 
line to the “flow” curve. At this intersection project a horizontal line to 
the “velocity” curve. Directly beneath this intersection read

  

V50

VFull = 1.12 on the horizontal scale. Calculate V50 = 1.12 VFull = 1.12 X 
13.5 = 15.1 feet per second.

Record Selection
 Use a 54-inch diameter concrete pipe with allowable HW = 10.0 feet and 

actual HW = 7.2 and 9.6 feet respectively for the 25 and 50 year storm 
flows, and a maximum outlet velocity of 15.1 feet per second.
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 EXAMPLE 3 - 2
nomoGrAPH ProCeDUre

List Design Data
 A. Q25 = 180 cubic feet per second
  Q50 = 225 cubic feet per second
 B. L = 200 feet
 C. so =  0.01 feet per foot
 D. Allowable HW = 10 feet for 25 and 50-year storms
 e. tW = 3.5 feet for 25-year storm
  TW = 4.0 feet for 50-year storm
 F. Circular concrete culvert with a projecting entrance, n = 0.012

Select Trial Culvert Size

  
D =         =         = 5 feet

HW
2.0

10
2.0

Determine Trial Culvert Headwater Depth
 A. inlet Control
  (1) For Q = 180 cubic feet per second and D = 60 inches, Figure 33 

indicates HW/D = 1.25. therefore HW = 1.25 X 5 =6.2 feet.
  (2) since HW = 6.2 feet is considerably less than allowable try a 54-

inch pipe.
   For Q = 180 cubic feet per second and D = 54 inches, Figure 33 

indicates HW/D = 1.6. therefore HW = 1.6 X 4.5 = 7.2 feet.
   For Q = 225 cubic feet per second and D = 54 inches, Figure 33 

indicates HW/D = 2.14. therefore HW 2.14 X 4.5 = 9.6 feet.

 B. Outlet Control
  (i) tW = 3.5 and 4.0 feet is less than D = 4.5 feet.
  (3) table 12, ke, = 0.2.
   For D = 54 inches, Q = 180 cubic feet per second, Figure 28 

indicates dc, 3.9 feet which is less than D = 4.5 feet. Calculate

   
ho =          =                 = 4.2 feet.

dc + D
2

3.9 + 4.5
2

   For D = 54 inches, Q = 180 cubic feet per second, ke. = 0.2 and L = 
200 feet.

   Figure 38 indicates H = 3.8 feet.
   therefore HW = 3.8 + 4.2 - (0.01 X 200) = 6.0 feet (equation 3).
   For D = 54 inches, Q = 225 cubic feet per second, Figure 28 

indicates dc, = 4.2 feet which is less than D = 4.5 feet. Calculate

   
ho =          =                 = 4.3 feet.

dc + D
2

4.2 + 4.5
2
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   For D = 54 inches, Q = 225 cubic feet per second, ke, = 0.2 and L = 
200 feet.

   Figure 38 indicates H = 5.9 feet.
   therefore HW = 5.9 + 4.3 - (0.01 X 200) = 8.2 feet (equation 3).
 
 C. inlet control governs for both the 25 and 50-year design flows.

Try Another Culvert
 A 48-inch culvert would be sufficient for the 25-year storm flow but for the 

50-year storm flow the HW would be greater than the allowable.

Determine Outlet Velocity
 B. enter Figure 4 on the horizontal scale at a pipe slope of 0.01 feet 

per foot (1.0 feet per 100 feet). Project a vertical line to the line 
representing 54-inch pipe diameter. read a full flow value of 210 cubic 
feet per second on the vertical scale and a full flow velocity of 13.5 feet 
per second. Calculate

  
        =          = 1.07.
Q50

QFull

225
210

  enter Figure 20 at 1.07 on the horizontal scale and project a vertical 
line to the “flow” curve. At this intersection project a horizontal line to 
the “velocity” curve. Directly beneath this intersection read

   

V50

VFull = 1.12 on the horizontal scale. Calculate V50 = 1.12 VFull = 1.12 X 
13.5 =  15.1 feet per second.

Record Selection
 Use a 54-inch diameter concrete pipe with allowable HW = 10.0 feet and 

actual HW = 7.2 and 9.6 feet respectively for the 25 and 50-year storm 
flows, and a maximum outlet velocity of 15.1 feet per second.

EXAMPLE 3 - 3
CULVert DesiGn

General: A highway is to be constructed on embankment over a creek 
draining 400 acres. the embankment will be 41-feet high with 2:1 
side slopes and a top width of 80 feet. Hydraulic design criteria 
requires a circular concrete pipe, n = 0.012, with the inlet projecting 
from the fill. to prevent flooding of upstream properties, the 
allowable headwater is 10.0 feet, and the design storm frequency is 
25 years.

Given: Drainage Area A = 400 acres
 roughness Coefficient n = 0.012 (See discussion of Manning’s   

      “n” Value)
 Headwater HW = 10 feet (allowable)
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Find: the required culvert size.

Solution: 1. Design Flow
  the design flow for 400 acres should be obtained using UsGs 

data. rather than present an analysis for a specific area, the 
design flow will be assumed as 250 cubic feet per second for a 
25-year storm.

 2. selection of Culvert size
  the culvert will be set on the natural creek bed which has a 

one percent slope. A cross sectional sketch of the culvert and 
embankment indicates a culvert length of about 250 feet. no 
flooding of the outlet is expected.

  
Trial diameter HW/D = 2.0 feet      D =      = 5 feet. 

10
2

  enter Figure 54, from Q = 250 cubic feet per second project a 
line vertically to the inlet control curve, read HW = 8.8 feet on the 
vertical scale. extend the vertical line to the outlet control curve 
for L = 250 feet, read H + soL = 9.6 on the vertical scale. soL = 
250 X 0.01 = 2.5 feet. therefore, outlet control HW = 9.6 - 2.5 = 
7.1 feet and inlet control governs.

  enter Figure 53, from Q = 250 cubic feet per second project 
a line vertically to the inlet control curve, read HW = 10.8 feet 
which is greater than the allowable.

 3. Determine Outlet Velocity
  For inlet control, the outlet velocity is determined from manning’s 

formula. entering Figure 4, a 60-inch diameter pipe with so = 
1.0 foot per 100 feet will have a velocity = 14.1 feet per second 
flowing full and a capacity of 280 cubic feet per second.

  enter Figure 20 with a Proportion of Value for Full Flow = 

  
250
280 or 0.9, read Depth of Flow = 0.74 and  
Velocity Proportion = 1.13. therefore, outlet velocity = 1.13 X 
14.1 = 15.9 feet per second.

Answer: A 60-inch diameter circular pipe would be required.

EXAMPLE 3 - 4
CULVert DesiGn

General: An 800-foot long box culvert with an n = 0.012 is to be installed 
on a 0.5% slope. Because utility lines are to be installed in the 
embankment above the box culvert, the maximum rise is limited 
to 8 feet. the box section is required to carry a maximum flow of 

American Concrete Pipe Association • www.concrete-pipe.org



 Hydraulics of Culverts 25

1,000 cubic feet per second with an allowable headwater depth of 
15 feet.

List Design Data
 A. Q = 1,000 cubic feet per second
 B. L = 800 feet
 C. so = 0.5% = 0.005 feet per foot
 D. Allowable HW = 15 feet
 e. Box culvert with projecting entrance and n = 0.012

Select Culvert Size
 inspecting the box section culvert capacity charts for boxes with rise 

equal to or less than 8 feet, it is found that a 8 X 8 foot and a 9 X 7 
foot box section will all discharge 1,000 cubic feet per second with 
a headwater depth equal to or less than 15 feet under inlet control. 
therefore, each of the two sizes will be investigated.

Determine Headwater Depth
 8 X 8 foot Box Section
 A. Inlet Control
  enter Figure 124, from Q = 1,000 project a vertical line to the inlet 

control curve. Project horizontally to the vertical scale and read a 
headwater depth of 14.8 feet for inlet control.

 B. Outlet Control
  Continue vertical projection from Q = 1,000 to the outlet control curve 

for L = 800 feet. Project horizontally to vertical scale and read a value 
for (HW + soL) = 17.5 feet. then HW = 17.5 - soL = 17.5 - (0.005 X 
800) = 13.5 feet for outlet control.

  
  therefore inlet control governs.

  9 X 7 - foot Box Section
  entering Figure 127, and proceeding in a similar manner, find a 

headwater depth of 14.7 for inlet control and 13.1 feet for outlet control 
with inlet control governing.

Determine Outlet Velocity
  entering table 6, find area and C1, value for each size box section and 

table A-1 find value of s1/2 for so, = 0.005, then Qfull = C1s1/2.

  For 8 X 8 - foot Box Section
  Qfull = 12700 X 0.07071 = 898 cubic feet per second
  Vfull = Q/A = 899 ÷ 63.11 = 14.2 feet per second.
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  then

  
           =          = 1.11.
Qpartial

Qfull

1000
899

 entering Figure 24.9 on the horizontal scale at 1.11, project a vertical 
line to intersect the flow curve. From this point, proceed horizontally to 
the right and intersect the velocity curve. From this point drop vertically 
to the horizontal scale and read a value of 1.18 for Vpartial/Vfull ratio.

 then
 Vpartial = 1.18 X 14.2 = 16.8 feet per second
 
 Proceeding in a similar manner for the 9 X 7 foot box section, Figure 

24.7, find a Vpartial = 16.9 feet per second.

Record Selection
 Use either a 8 X 8 foot box section with an actual HW of 14.8 feet
 and an outlet velocity of 16.8 feet per second or a 9 X 7 foot box
 section with an actual HW of 14.7 feet and an outlet velocity of 16.9
 feet per second.
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CHAPTER 4

LOADS AND SUPPORTING 
STRENGTHS

The design procedure for the selection of pipe strength requires:

 I . Determination of Earth Load
 2. Determination of Live Load
 3. Selection of Bedding
 4. Determination of Bedding Factor
 5. Application of Factor of Safety
 6. Selection of Pipe Strength

TYPES OF INSTALLATIONS
The earth load transmitted to a pipe is largely dependent on the type of 

installation.  Three common types are Trench, Positive Projecting Embankment, 
and Negative Projecting Embankment. Pipelines are also installed by jacking or 
tunneling methods where deep installations are necessary or where conventional 
open excavation and backfill methods may not be feasible. The essential features 
of each of these installations are shown in Illustration 4.1.

Trench. This type of installation is normally used in the construction of 
sewers, drains and water mains. The pipe is installed in a relatively narrow trench 
excavated in undisturbed soil and then covered with backfill extending to the 
ground surface.

Positive Projecting Embankment. This type of installation is normally used 
when the culvert is installed in a relatively flat stream bed or drainage path. The 
pipe is installed on the original ground or compacted fill and then covered by an 
earth fill or embankment.

 
Negative Projecting Embankment. This type of installation is normally 

used when the culvert is installed in a relatively narrow and deep stream bed or 
drainage path. The pipe is installed in a shallow trench of such depth that the top 
of the pipe is below the natural ground surface or compacted fill and then covered 
with an earth fill or embankment which extends above the original ground level.

 
Jacked or Tunneled. This type of installation is used where surface 

conditions make it difficult to install the pipe by conventional open excavation 
and backfill methods, or where it is necessary to install the pipe under an 
existing embankment.  A jacking pit is dug and the pipe is advanced horizontally 
underground.
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Illustration 4.1   Essential Features of Types of Installations
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BACKGROUND
The classic theory of earth loads on buried concrete pipe, published in 1930 

by A. Marston, was developed for trench and embankment conditions.
In later work published in 1933, M. G. Spangler presented three bedding 

configurations and the concept of a bedding factor to relate the supporting 
strength of buried pipe to the strength obtained in a three-edge bearing test.

Spangler’s theory proposed that the bedding factor for a particular pipeline 
and, consequently, the supporting strength of the buried pipe, is dependent on two 
installation characteristics:

1. Width and quality of contact between the pipe and bedding.
2. Magnitude of lateral pressure and the portion of the vertical height of the 

pipe over which it acts.
For the embankment condition, Spangler developed a general equation for 

the bedding factor, which partially included the effects of lateral pressure. For the 
trench condition, Spangler established conservative fixed bedding factors, which 
neglected the effects of lateral pressure, for each of the three beddings. This 
separate development of bedding factors for trench and embankment conditions 
resulted in the belief that lateral pressure becomes effective only at trench widths 
equal to or greater than the transition width. Such an assumption is not compatible 
with current engineering concepts and construction methods. It is reasonable to 
expect some lateral pressure to be effective at trench widths less than transition 
widths. Although conservative designs based on the work of Marston and 
Spangler have been developed and installed successfully for years, the design 
concepts have their limitations when applied to real world installations.

The limitations include:
• Loads considered acting only at the top of the pipe.
• Axial thrust not considered.
• Bedding width of test installations less than width designated in his bedding 

configurations.
• Standard beddings developed to fit assumed theories for soil support rather 

than ease of and methods of construction.
• Bedding materials and compaction levels not adequately defined.
This section discusses the Standard Installations and the appropriate 

indirect design procedures to be used with them. The Standard Installations are 
the most recent beddings developed by ACPA to allow the engineer to take into 
consideration modern installation techniques when designing concrete pipe. For 
more information on design using the Marston/Spangler beddings, see Appendix 
B.

INTRODUCTION
In 1970, ACPA began a long-range research program on the interaction of 

buried concrete pipe and soil. The research resulted in the comprehensive finite 
element computer program SPIDA, Soil-Pipe Interaction Design and Analysis, for 
the direct design of buried concrete pipe.

Since the early 1980’s, SPIDA has been used for a variety of studies, 
including the development of four new Standard Installations, and a simplified 
microcomputer design program, SIDD, Standard Installations Direct Design.

The procedure presented here replaces the historical A, B, C, and D beddings 
used in the indirect design method and found in the appendix of this manual, with 
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the four new Standard Installations, and presents a state-of-the-art method for 
determination of bedding factors for the Standard Installations. Pipe and installation 
terminology as used in the Standard Installations, and this procedure, is defined in 
Illustration 4.2.

Illustration 4.2   Pipe/Installation Terminology

FOUR STANDARD INSTALLATIONS
Through consultations with engineers and contractors, and with the results 

of numerous SPIDA parameter studies, four new Standard Installations were 
developed and are presented in Illustration 4.4. The SPIDA studies were conducted 
for positive projection embankment conditions, which are the worst-case vertical 
load conditions for pipe, and which provide conservative results for other 
embankment and trench conditions.

The parameter studies confirmed ideas postulated from past experience and 
proved the following concepts:

• Loosely placed, uncompacted bedding directly under the invert of the pipe 
significantly reduces stresses in the pipe.

• Soil in those portions of the bedding and haunch areas directly under the 
pipe is difficult to compact.

• The soil in the haunch area from the foundation to the pipe springline 
provides significant support to the pipe and reduces pipe stresses.

• Compaction level of the soil directly above the haunch, from the pipe 
springline to the top of the pipe grade level, has negligible effect on pipe 
stresses. Compaction of the soil in this area is not necessary unless 
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required for pavement structures.
• Installation materials and compaction levels below the springline have a 

significant effect on pipe structural requirements.
The four Standard Installations provide an optimum range of soil-pipe 

interaction characteristics. For the relatively high quality materials and high 
compaction effort of a Type 1 Installation, a lower strength pipe is required. 
Conversely, a Type 4 Installation requires a higher strength pipe, because it was 
developed for conditions of little or no control over materials or compaction.

Generic soil types are designated in Illustration 4.5. The Unified Soil 
Classification System (USCS) and American Association of State Highway and 
Transportation Officials (AASHTO) soil classifications equivalent to the generic soil 
types in the Standard Installations are also presented in Illustration 4.5.

Illustration 4.3 Standard Trench/Embankment Installation
The SPIDA design runs with the Standard Installations were made with 

medium compaction of the bedding under the middle-third of the pipe, and with 
some compaction of the overfill above the springline of the pipe. This middle-
third area under the pipe in the Standard Installations has been designated as 
loosely placed, uncompacted material. The intent is to maintain a slightly yielding 
bedding under the middle-third of the pipe so that the pipe may settle slightly into 
the bedding and achieve improved load distribution. Compactive efforts in the 
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Illustration 4.4 Standard Installations Soil and Minimum Compaction 
Requirements

 Installation Bedding Haunch and Lower Side
 Type Thickness Outer Bedding

 Type 1 Do/24 minimum, not 95% Category I 90% Category I,
  less than 75 mm (3").  95% Category II,
  If rock foundation, use  or
  Do/12 minimum, not  100% Category III
  less than 150 mm (6").

 Type 2 Do/24 minimum, not 90% Category I 85% Category I,
  less than 75 mm (3"). or 90% Category II,
  If rock foundation, use 95% Category II or
  Do/12 minimum, not  95% Category lIl
  less than 150 mm (6").

 Type 3 Do/24 minimum, not 85% Category I, 85% Category I,
  less than 75 mm (3"). 90% Category II, 90% Category II,
  If rock foundation, use or or
  Do/12 minimum, not 95% Category III 95% Category III
  less than 150 mm (6") .

 Type 4 No bedding No compaction No compaction
  required, except required, except required, except if
  if rock foundation, use if Category III, Category III,
  Do/12 minimum, not use 85% use 85%
  less than 150 mm (6"). Category III Category III

Notes:
1. Compaction and soil symbols - i.e. “95% Category I”- refers to Category I soil material with minimum 

standard Proctor compaction of 95%. See Illustration 4.5 for equivalent modified Proctor values.
2. Soil in the outer bedding, haunch, and lower side zones, except under the middle1/3 of the pipe, shall be 

compacted to at least the same compaction as the majority of soil in the overfill zone.
3. For trenches, top elevation shall be no lower than 0.1 H below finished grade or, for roadways, its top 

shall be no lower than an elevation of 1 foot below the bottom of the pavement base material.
4. For trenches, width shall be wider than shown if required for adequate space to attain the specified 

compaction in the haunch and bedding zones.
5. For trench walls that are within 10 degrees of vertical, the compaction or firmness of the soil in the trench 

walls and lower side zone need not be considered.
6. For trench walls with greater than 10 degree slopes that consist of embankment, the lower side shall be 

compacted to at least the same compaction as specified for the soil in the backfill zone.
7. Subtrenches
 7.1 A subtrench is defined as a trench with its top below finished grade by more than 0.1 H or, for 

roadways, its top is at an elevation lower than 1ft. below the bottom of the pavement base material.
 7.2 The minimum width of a subtrench shall be 1.33 Do or wider if required for adequate space to attain 

the specified compaction in the haunch and bedding zones.
 7.3 For subtrenches with walls of natural soil, any portion of the lower side zone in the subtrench wall 

shall be at least as firm as an equivalent soil placed to the compaction requirements specified for 
the lower side zone and as firm as the majority of soil in the overfill zone, or shall be removed and 
replaced with soil compacted to the specified level.
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middle-third of the bedding with mechanical compactors is undesirable, and could 
produce a hard flat surface, which would result in highly concentrated stresses in 
the pipe invert similar to those experienced in the three-edge bearing test. The 
most desirable construction sequence is to place the bedding to grade; install the 
pipe to grade; compact the bedding outside of the middle-third of the pipe; and 
then place and compact the haunch area up to the springline of the pipe. The 
bedding outside the middle-third of the pipe may be compacted prior to placing the 
pipe.

As indicated in Illustrations 4.3 and 4.4, when the design includes surface 
loads, the overfill and lower side areas should be compacted as required to 
support the surface load. With no surface loads or surface structure requirements, 
these areas need not be compacted.

SELECTION OF STANDARD INSTALLATION
The selection of a Standard Installation for a project should be based on 

an evaluation of the quality of construction and inspection anticipated. A Type 
1 Standard Installation requires the highest construction quality and degree 
of inspection. Required construction quality is reduced for a Type 2 Standard 
Installation, and reduced further for a Type 3 Standard Installation.  A Type 4 
Standard Installation requires virtually no construction or quality inspection. 
Consequently, a Type 4 Standard Installation will require a higher strength pipe, 
and a Type I Standard Installation will require a lower strength pipe for the same 
depth of installation.

 Representative Soil Types Percent Compaction

   Standard Standard Modified
 SIDD Soil USCS, AASHTO Proctor Proctor

 Gravelly SW, SP, A1,A3 100 95
 Sand GW, GP  95 90
 (Category 1)   90 85
    85 80
    80 75
    61 59

 Sandy GM, SM, ML, A2, A4 100 95
 Silt Also GC, SC  95 90
 (Category II) with less than 20%  90 85
  passing #200 sieve  85 80
    80 75
    49 46

 Silty CL, MH, A5, A6 100 90
 Clay GC, SC  95 85
 (Category III)   90 80
    85 75
    80 70
    45 40

Illustration 4.5 Equivalent USCS and AASHTO  Soil Classifications for SIDD Soil 
Designations
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LOAD PRESSURES
SPIDA was programmed with the Standard Installations, and many design 

runs were made. An evaluation of the output of the designs by Dr. Frank J. Heger 
produced a load pressure diagram significantly different than proposed by previous 
theories. See Illustration 4.6. This difference is particularly significant under the 
pipe in the lower haunch area and is due in part to the assumption of the existence 
of partial voids adjacent to the pipe wall in this area. SIDD uses this pressure data 
to determine moments, thrusts, and shears in the pipe wall, and then uses the 
ACPA limit states design method to determine the required reinforcement areas 
to handle the pipe wall stresses. Using this method, each criteria that may limit 
or govern the design is considered separately in the evaluation of overall design 
requirements. SIDD, which is based on the four Standard Installations, is a stand-
alone program developed by the American Concrete Pipe Association.

The Federal Highway Administration, FHWA, developed a microcomputer 
program, PIPECAR, for the direct design of concrete pipe prior to the development 
of SIDD. PIPECAR determines moment, thrust, and shear coefficients from either 
of two systems, a radial pressure system developed by Olander in 1950 and a 
uniform pressure system developed by Paris in the 1920’s, and also uses the 
ACPA limit states design method to determine the required reinforcement areas 
to handle the pipe wall stresses. The SIDD system has been incorporated into 
PIPECAR as a state-of-the-art enhancement.

 DETERMINATION OF EARTH LOAD
Positive Projecting Embankment Soil Load. Concrete pipe can be installed 

in either an embankment or trench condition as discussed previously. The type of 
installation has a significant effect on the loads carried by the rigid pipe. Although 
narrow trench installations are most typical, there are many cases where the pipe 
is installed in a positive projecting embankment condition, or a trench with a width 
significant enough that it should be considered a positive projecting embankment 
condition. In this condition the soil along side the pipe will settle more than the soil 
above the rigid pipe structure, thereby imposing additional load to the prism of 
soil directly above the pipe. With the Standard Installations, this additional load is 
accounted for by using a Vertical Arching Factor, VAF. This factor is multiplied by 
the prism load, PL, (weight of soil directly above the pipe) to give the total load of 
soil on the pipe. 

W = VAF x PL                                                                                                           (4.1)

Unlike the previous design method used for the Marston/Spangler beddings 
there is no need to assume a projection or settlement ratio. The Vertical Arching 
Factors for the Standard Installations are as shown in Illustration 4.7. The equation 
for soil prism load is shown below in Equation 4.2.

The prism load, PL, is further defined as:

PL = γs  H                     Do                                                                                     (4.2)
Do(4 - π)

8+[ [

where:
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Illustration 4.6 Arching Coefficients and Heger Earth Pressure Distributions

 Installation
 Type VAF HAF A1 A2 A3 A4 A5 A6 a b c e f u v

 1 1.35 0.45 0.62 0.73 1.35 0.19 0.08 0.18 1.40 0.40 0.18 0.08 0.05 0.80 0.80

 2 1.40 0.40 0.85 0.55 1.40 0.15 0.08 0.17 1.45 0.40 0.19 0.10 0.05 0.82 0.70

 3 1.40 0.37 1.05 0.35 1.40 0.10 0.10 0.17 1.45 0.36 0.20 0.12 0.05 0.85 0.60

 4 1.45 0.30 1.45 0.00 1.45 0.00 0.11 0.19 1.45 0.30 0.25 0.00 - 0.90 -

Notes:
1. VAF and HAF are vertical and horizontal arching factors. These coefficients represent non-

dimensional total vertical and horizontal loads on the pipe, respectively. The actual total 
vertical and horizontal loads are (VAF) X (PL) and (HAF) X (PL), respectively, where PL is the 
prism load.

2. Coefficients A1 through A6 represent the integration of non-dimensional vertical and horizontal 
components of soil pressure under the indicated portions of the component pressure diagrams 
(i.e. the area under the component pressure diagrams). The pressures are assumed to vary 
either parabolically or linearly, as shown, with the non-dimensional magnitudes at governing 
points represented by h1, h2, uh1, vh2, a and b. Non-dimensional horizontal and vertical 
dimensions of component pressure regions are defined by c, d, e, vc, vd, and f coefficients.

3. d is calculated as (0.5-c-e).
 h1 is calculated as (1.5A1) / (c) (1+u).
 h2 is calculated as (1.5A2) / [(d) (1+v) + (2e)]

 gs = soil unit weight, (lbs/ft3)
 H = height of fill, (ft)
 Do = outside diameter, (ft)
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Illustration 4.7   Vertical Arching Factor (VAF)

 Standard Installation VAF

 Type 1 1.35
 Type 2 1.40
 Type 3 1.40
 Type 4 1.45
Note:

1. VAF are vertical arching factors. These coefficients represent nondimensional total vertical loads on the pipe. The 

actual total vertical loads are (VAF) X (PL), where PL is the prism load.

Trench Soil Load. In narrow or moderate trench width conditions, the 
resulting earth load is equal to the weight of the soil within the trench minus the 
shearing (frictional) forces on the sides of the trench. Since the new installed 
backfill material will settle more than the existing soil on the sides of the trench, the 
friction along the trench walls will relieve the pipe of some of its soil burden. The 
Vertical Arching Factors in this case will be less than those used for embankment 
design. The backfill load on pipe installed in a trench condition is computed by the 
equation:

Wd = CdγsBd  +                 γs                                                                       (4.3)2
2

8
Do  (4 - π)

The trench load coefficient, Cd, is further defined as:

Cd =                                                                                                            (4.4)
2Kμ'

1 – e – 2Kμ'
H
Bd

where:  
 Bd = width of trench, (ft)
 K = ratio of active lateral unit pressure to vertical unit pressure
 µ' = tan ø', coefficient of friction between fill material and sides of trench

The value of Cd can be calculated using equation 4.4 above, or read from 
Figure 214 in the Appendix.

Typical values of Kµ' are:
 Kµ' = .1924 Max. for granular materials without cohesion
 Kµ' = .165 Max for sand and gravel
 Kµ' = .150 Max. for saturated top soil
 Kµ' = .130 Max. for ordinary clay
 Kµ'  = .110 Max for saturated clay
        
As trench width increases, the reduction in load from the frictional forces 

is offset by the increase in soil weight within the trench. As the trench width 
increases it starts to behave like an embankment, where the soil on the side of 
the pipe settles more than the soil above the pipe. Eventually, the embankment 
condition is reached when the trench walls are too far away from the pipe to help 
support the soil immediately adjacent to it. The transition width is the width of a 
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trench at a particular depth where the trench load equals the embankment load.  
Once transition width is reached, there is no longer any benefit from frictional 
forces along the wall of the trench. Any pipe installed in a trench width equal to or 
greater than transition width should be designed for the embankment condition.

Tables 13 through 39 are based on equation (4.2) and list the transition widths 
for the four types of beddings with various heights of backfill.

 
Negative Projection Embankment Soil Load. The fill load on a pipe 

installed in a negative projecting embankment condition is computed by the 
equation:

Wn = CnwBd                                                                                               (4.5)2

The embankment load coefficient Cn is further defined as:

Cn =                                                                         when H � He              (4.6)

Cn =                         +           +           e                    when H > He              (4.7)

2Kµ'

2Kµ' Bd

H
Bd

He

1 - e              – 2Kµ' H
Bd

He
Bd1 - e              – 2Kµ'

– 2Kµ'
He
Bd

The settlements which influence loads on negative projecting embankment 
installations are shown in Illustration 4.8.

Illustration 4.8 Settlements Which Influence Loads Negative Projection 
Embankment Installation
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The settlement ratio is the numerical relationship between the pipe deflection 
and the relative settlement between the prism of fill directly above the pipe and 
adjacent soil.  It is necessary to define the settlement ratio for negative projection 
embankment installations. Equating the deflection of the pipe and the total 
settlement of the prism of fill above the pipe to the settlement of the adjacent soil, 
the settlement ratio is:

rsd =                                                                                                            (4.8)
Sd

Sg – (Sd + Sf +dc)

Recommended settlement ratio design values are listed in Table 40. The 
projection ratio (p’) for this type of installation is the distance from the top of the 
pipe to the surface of the natural ground or compacted fill at the time of installation 
divided by the width of the trench. Where the ground surface is sloping, the 
average vertical distance from the top of the pipe to the original ground should be 
used in determining the projection ratio (p’). Figures 194 through 213 present fill 
loads in pounds per linear foot for circular pipe based on projection ratios of 0.5, 
1.0, 1.5, 2.0 and settlement ratios of 0, -0.1, -0.3, -0.5 and -1.0. The dashed H = 
p’Bd line represents the limiting condition where the height of fill is at the same 
elevation as the natural ground surface. The dashed H = He line represents the 
condition where the height of the plane of equal settlement (He) is equal to the 
height of fill (H).

Jacked or Tunneled Soil Load. This type of installation is used where 
surface conditions make it difficult to install the pipe by conventional open 
excavation and backfill methods, or where it is necessary to install the pipe under 
an existing embankment. The earth load on a pipe installed by these methods is 
computed by the equation:

Wt = CtwBt  –  2cCtBt                                                                                 (4.9)2

where:
 Bt = width of tunnel bore, (ft)

The jacked or tunneled load coefficient Ct is further defined as:

Ct =                                                                                                          (4.10)2Kµ'
1 – e      – 2Kµ'

H
Bt

In equation (4.9) the Ctw Bt
2 term is similar to the Negative Projection 

Embankment equation (4.5) for soil loads and the 2cCtBt term accounts for the 
cohesion of undisturbed soil. Conservative design values of the coefficient of 
cohesion for various soils are listed in Table 41. Figures 147, 149, 151 and 153 
present values of the trench load term (Ctw Bt

2) in pounds per linear foot for a soil 
density of 120 pounds per cubic foot and Km’ values of 0.165, 0.150, 0.130 and 
0.110. Figures 148, 150, 152 and 154 present values of the cohesion term (2cCtBt) 
divided by the design value for the coefficient of cohesion (c). To obtain the total 
earth load for any given height of cover, width of bore or tunnel and type of soil, 
the value of the cohesion term must be multiplied by the appropriate coefficient of 
cohesion (c) and this product subtracted from the value of the trench load term.
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FLUID LOAD
Fluid weight typically is about the same order of magnitude as pipe weight 

and generally represents a significant portion of the pipe design load only for large 
diameter pipe under relatively shallow fills. Fluid weight has been neglected in the 
traditional design procedures of the past, including the Marston Spangler design 
method utilizing the B and C beddings. There is no documentation of concrete 
pipe failures as a result of neglecting fluid load. However, some specifying 
agencies such as AASHTO and CHBDC, now require that the weight of the fluid 
inside the pipe always be considered when determining the D-load. 

The Sixteenth Edition of the AASHTO Standard Specifications For Highway 
Bridges states: “The weight of fluid, WF, in the pipe shall be considered in design 
based on a fluid weight, gw, of 62.4 lbs/cu.ft, unless otherwise specified.” 

DETERMINATION OF LIVE LOAD
To determine the required supporting strength of concrete pipe installed under 

asphalts, other flexible pavements, or relatively shallow earth cover, it is necessary 
to evaluate the effect of live loads, such as highway truck loads, in addition to dead 
loads imposed by soil and surcharge loads.

If a rigid pavement or a thick flexible pavement designed for heavy duty traffic 
is provided with a sufficient buffer between the pipe and pavement, then the live 
load transmitted through the pavement to the buried concrete pipe is usually 
negligible at any depth. If any culvert or sewer pipe is within the heavy duty traffic 
highway right-of-way, but not under the pavement structure, then such pipe should 
be analyzed for the effect of live load transmission from an unsurfaced roadway, 
because of the possibility of trucks leaving the pavement.

The AASHTO design loads commonly used in the past were the HS 20 with 
a 32,000 pound axle load in the Normal Truck Configuration, and a 24,000 pound 
axle load in the Alternate Load Configuration.

The AASHTO LRFD designates an HL 93 Live Load.  This load consists of the 
greater of a HS 20 with 32,000 pound axle load in the Normal Truck Configuration, 
or a 25,000 pound axle load in the Alternate Load Configuration. In addition, a 640 
pound per linear foot Lane Load is applied across a 10 foot wide lane at all depths 
of earth cover over the top of the pipe, up to a depth of 8 feet. This Lane Load 
converts to an additional live load of 64 pounds per square foot, applied to the top 
of the pipe for any depth of burial less than 8 feet. The average pressure intensity 
caused by a wheel load is calculated by Equation 4.12. The Lane Load intensity is 
added to the wheel load pressure intensity in Equation 4.13.

The HS 20, 32,000 pound and the Alternate Truck 25,000 pound design axle 
are carried on dual wheels. The contact area of the dual wheels with the ground is 
assumed to be rectangle, with dimensions presented in Illustration 4.9. 
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HS 20 Load LRFD Alternate Load

4000 lb. 4000 lb.

6 ft.

6 ft. 6 ft.
4 ft.

14 ft.

14 ft.
to

30 ft.

H 20 Load

4000 lb. 4000 lb.

HS 20 & Alternate Loads

16000 lb. 16000 lb. 16000 lb. 16000 lb.

12000 lb. 12000 lb.

12000 lb. 12000 lb.

16000 lb. 16000 lb.

6 ft. 14 ft.

4 ft.

a

b

16000 lb. HS 20 Load
12500 lb. LRFD Altemate Load

1.67 ft.
(20 in.)

0.83 ft.
(10 in.)

Illustration 4.9   AASHTO Wheel Load Surface Contact Area (Foot Print)

Illustration 4.10   AASHTO Wheel Loads and Wheel Spacings

Impact Factors. The AASHTO LRFD Standard applies a dynamic load 
allowance, sometimes called Impact Factor, to account for the truck load being 
non-static. The dynamic load allowance, IM, is determined by Equation 4.11:

IM =                                                                                                                          (4.11)
33(1.0 - 0.125H)

100
where:
 H = height of earth cover over the top of the pipe, ft.



 Loads and Supporting Strengths 41

American Concrete Pipe Association • www.concrete-pipe.org

Load Distribution. The surface load is assumed to be uniformly spread on 
any horizontal subsoil plane. The spread load area is developed by increasing 
the length and width of the wheel contact area for a load configuration as shown 
in Illustration 4.13 for a dual wheel.  On a horizontal soil plane, the dimensional 
increases to the wheel contact area are based on height of earth cover over the 
top of the pipe as presented in Illustration 4.11 for two types of soil.

Illustration 4.11   Dimensional Increase Factor, AASHTO LRFD
 Soil Type Dimensional Increase Factor 

 LRFD select granular 1.15H

LRFD any other soil 1.00H

As indicated by Illustrations 4.14 and 4.15, the spread load areas from 
adjacent wheels will overlap as height of earth cover over the top of the pipe 
increases. At shallow depths, the maximum pressure will be developed by an HS 
20 dual wheel, since at 16,000 pounds it applies a greater load than the 12,500 
pound Alternate Load. At intermediate depths, the maximum pressure will be 
developed by the wheels of two HS 20 trucks in the passing mode, since at 16,000 
pounds each, the two wheels apply a greater load than the 12,500 pounds of an 
Alternate Load wheel. At greater depths, the maximum pressure will be developed 
by wheels of two Alternate Load configuration trucks in the passing mode, since 
at 12,500 pounds each, the four wheels apply the greatest load(50,000 pounds). 
Intermediate depths begin when the spread area of dual wheels of two HS 20 
trucks in the passing mode meet and begin to overlap. Greater depths begin when 
the spread area b of two single dual wheels of two Alternate Load configurations 
in the passing mode meet and begin to overlap.

Since the exact geometric relationship of individual or combinations of surface 
wheel loads cannot be anticipated, the most critical loading configurations along 
with axle loads and rectangular spread load area are presented in Illustration 4.12 
for the two AASHTO LRFD soil types.



42 Concrete Pipe Design Manual

American Concrete Pipe Association • www.concrete-pipe.org

a=1.67'

Spread a

H ft.

b=0.83'

Spread b

Direction of  Travel

Spread Load Area

Wheel Load Area

Illustration 4.13   Spread Load Area - Single Dual Wheel

Illustration 4.12  LRFD Critical Wheel Loads and Spread Dimensions at the  
   Top of the Pipe

Vehicle Traveling Perpendicular to Pipe

H, ft P, lbs Spread a, ft Spread b, ft Figure

Live Load 
Distribution 
of 1.15 x H for 
Select  
Granular Fill

H + 1.15DO < 2.05 16,000 a + 1.15H b + 1.15H 3

2.05 - 1.15DO < H < 5.5 32,000 a + 4 + 1.15H b + 1.15H 4

5.5 < H 50,000 a + 4 + 1.15H b + 4 + 1.15H 5

Live Load 
Distribution 
of 1.0 x H for 
Other Soils

H + 1.30DO < 2.30 16,000 a + 1.00H b + 1.00H 3

2.30 - 1.30 DO < H < 6.3 32,000 a + 4 + 1.00H b + 1.00H 4

6.3 < H 50,000 a + 4 + 1.00H b + 4 + 1.00H 5

Vehicle Traveling Parallel to Pipe

Live Load 
Distribution 
of 1.15 x H for 
Select  
Granular Fill

H < 2.03 16,000 a + 1.15H b + 1.15H 3

2.03 < H < 5.5 32,000 a + 4 + 1.15H b + 1.15H 4

5.5 <H 50,000 a + 4 + 1.15H b + 4 + 1.15H 5

Live Load 
Distribution 
of 1.0 x H for 
Other Soils

H < 2.33 16,000 a + 1.00H b + 1.00H 3

2.33 < H < 6.3 32,000 a + 4 + 1.00H b + 1.00H 4

6.3 < H 50,000 a + 4 + 1.00H b + 4 + 1.00H 5
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a
4.0 ft.

Spread a

a

H ft.

b

Spread b

Direction of Travel

Distributed Load Area

Wheel
Load Areas

Wheel Load Areas

Illustration 4.14   Spread Load Area - Two Single Dual Wheels of Trucks 
 in Passing Mode

a

4.0 ft.

Spread a

a

H ft.

b

b

4.0 ft.

Spread b

Direction of Travel

Distributed Load Area

Wheel
Load Areas

Wheel Load Areas

Illustration 4.15 Spread Load Area - Two Single Dual Wheels of Two Alternate  
 Loads in Passing Mode
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Average Pressure Intensity. The wheel load average pressure intensity on 
the subsoil plane at the outside top of the concrete pipe is:

w =                                                                                                                           (4.12)
P(1 + IM)

A
where:
 w = wheel load average pressure intensity, pounds per square foot
 P = total live wheel load applied at the surface, pounds
 A = spread wheel load area at the outside top of the pipe, square feet
 IM = dynamic load allowance
   
From the appropriate Table in Illustration 4.12, select the critical wheel load 

and spread dimensions for the height of earth cover over the outside top of the 
pipe, H. The spread live load area is equal to Spread a times Spread b. Select the 
appropriate dynamic load allowance, using Equation 4.11.

Total Live Load. A designer is concerned with the maximum possible 
loads, which occur when the distributed load area is centered over the buried 
pipe. Depending on the pipe size and height of cover, the most critical loading 
orientation can occur either when the truck travels transverse or parallel to the 
centerline of the pipe. Illustration 4.16 shows the dimensions of the spread load 
area, A, as related to whether the truck travel is transverse or parallel to the 
centerline of the pipe.

Illustration 4.16   Spread Load Area Dimensions vs Direction of Truck

Unless you are certain of the pipeline orientation, the total live load in pounds, 
WT, must be calculated for each travel orientation, and the maximum calculated 
value must be used in Equation 4.14 to calculate the live load on the pipe in 
pounds per linear foot.



 Loads and Supporting Strengths 45

American Concrete Pipe Association • www.concrete-pipe.org

Wheel Surface Contact Area

Pipe Centerline

Le = L + 1.75 (  /4Ro)

/4Ro

H L

Ro

3

3

The LRFD requires a Lane Load, LL, of 64 pounds per square foot on the top 
of the pipe at any depth less than 8 feet.

The total live load acting on the pipe is:

WT = (w + LL) L SL                                                                                         (4.13)
where: 
 WT = total live load, pounds
 w = wheel load average pressure intensity, pounds per square 

foot (at the top of the pipe)
 LL = lane loading if AASHTO LRFD is used, pounds per square 

foot
 0≤H<8, LL = 64, pounds per square foot
 H≥8, LL = 0
 L = dimension of load area parallel to the longitudinal axis of 

pipe, feet
 SL = outside horizontal span of pipe, Bc, or dimension of load area 

transverse to the longitudinal axis of pipe, whichever is less, 
feet

Total Live Load in Pounds per Linear Foot. The total live load in pounds 
per linear foot, WL, is calculated by dividing the Total Live Load, WT, by the 
Effective Supporting Length, Le (See Illustration 4.17), of the pipe:

WL =                                                                                                                         (4.14)
WT

Le

where: 
 WL = live load on top of pipe, pounds per linear foot
 Le = effective supporting length of pipe, feet

The effective supporting length of pipe is:

Le = L + 1.75(3/4RO)

where:
 RO = outside vertical Rise of pipe, feet

Illustration 4.17   Effective Supporting Length of Pipe
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Illustration 4.18   Load Spread through Soil and Pipe

4 ft

3/4RO

H

RO

Airports. The distribution of aircraft wheel loads on any horizontal plane in 
the soil mass is dependent on the magnitude and characteristics of the aircraft 
loads, the aircraft’s landing gear configuration, the type of pavement structure 
and the subsoil conditions. Heavier gross aircraft weights have resulted in multiple 
wheel undercarriages consisting of dual wheel assemblies and/or dual tandem 
assemblies. The distribution of wheel loads through rigid pavement are shown in 
Illustration 4.18.

If a rigid pavement is provided, an aircraft wheel load concentration is 
distributed over an appreciable area and is substantially reduced in intensity at the 
subgrade. For multi-wheeled landing gear assemblies, the total pressure intensity 
is dependent on the interacting pressures produced by each individual wheel. The 
maximum load transmitted to a pipe varies with the pipe size under consideration, 
the pipe’s relative location with respect to the particular landing gear configuration 
and the height of fill between the top of the pipe and the subgrade surface.

For a flexible pavement, the area of the load distribution at any plane in 
the soil mass is considerably less than for a rigid pavement. The interaction of 
pressure intensities due to individual wheels of a multi-wheeled landing gear 
assembly is also less pronounced at any given depth of cover. 

In present airport design practices, the aircraft’s maximum takeoff weight 
is used since the maximum landing weight is usually considered to be about 
three fourths the takeoff weight. Impact is not considered, as criteria are not yet 
available to include dynamic effects in the design process.
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Rigid Pavement.

Illustration 4.19   Aircraft Pressure Distribution, Rigid Pavement
 
 

Fill Height H = 2 Feet

Fill Height H = 6 Feet

The pressure intensity is computed by the equation:

p(H,X) =                                                                                                   (4.15)2Rs

CP

where:
 P = Load at the surface, pounds
 C = Load coefficient, dependent on the horizontal distance (X), the 

vertical distance (H), and Rs
 Rs = Radius of Stiffness of the pavement, feet

Rs is further defined as:

Rs =                                                                                                          (4.16)4

12 (1 – μ2) k

(Eh)3

where:
 E = modulus of elasticity of the pavement, pounds per square inch
 h = pavement thickness, inches
 µ = Poisson’s ratio (generally assumed 0.15 for concrete pavement)
 k = modulus of subgrade reaction, pounds per cubic inch

Tables 46 through 50 present pressure coefficients in terms of the radius of 
stiffness as developed by the Portland Cement Association and published in the 
report “Vertical Pressure on Culverts Under Wheel Loads on Concrete Pavement 
Slabs.” 3

Values of radius of stiffness are listed in Table 52 for pavement thickness and 
modulus of subgrade reaction.

Tables 53 through 55 present aircraft loads in pounds per linear foot for 
circular, horizontal elliptical and arch pipe. The Tables are based on equations 
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4.15 and 4.16 using a 180,000 pound dual tandem wheel assembly, 190 pounds 
per square inch tire pressure, 26-inch spacing between dual tires, 66-inch spacing 
between tandem axles, k value of 300 pounds per cubic inch, 12-inch, thick 
concrete pavement and an Rs, value of 37.44 inches. Subgrade and subbase 
support for a rigid pavement is evaluated in terms of k, the modulus of subgrade 
reaction. A k value of 300 pounds per cubic inch was used, since this value 
represents a desirable subgrade or subbase material. In addition, because of the 
interaction between the pavement and subgrade, a lower value of k (representing 
reduced subgrade support) results in less load on the pipe.

Although Tables 53 through 55 are for specific values of aircraft weights and 
landing gear configuration, the tables can be used with sufficient accuracy for all 
heavy commercial aircraft currently in operation. Investigation of the design loads 
of future jets indicates that although the total loads will greatly exceed present 
aircraft loads, the distribution of such loads over a greater number of landing 
gears and wheels will not impose loads on underground conduits greater than by 
commercial aircraft currently in operation. For lighter aircrafts and/or different rigid 
pavement thicknesses, it is necessary to calculate loads as illustrated in Example 
4.10.

Flexible Pavement. AASHTO considers flexible pavement as an unpaved 
surface and therefore live load distributions may be calculated as if the load were 
bearing on soil. Cover depths are measured from the top of the flexible pavement. 

Railroads. In determining 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, including ballast, is considered to be uniformly distributed over an 
area equal to the length occupied by the drivers multiplied by the length of ties.

The American Railway Engineering and Maintenance of Way Association 
(AREMA) recommends a Cooper E80 loading with axle loads and axle spacing as 
shown in Illustration 4.19. 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:

WL =  CpoBcIf                                                                                           (4.17)
where:
 C = load coefficient
 po = tire pressure, pounds per square foot
 Bc = outside span of the pipe, feet
 If = impact factor
      
Tables 56 through 58 present live loads in pounds per linear foot based on 

equation (4.17) with a Cooper E80 design loading, track structure weighing 200 
pounds per linear foot and the locomotive load uniformly distributed over an area 
8 feet X 20 feet yielding a uniform live load of 2025 pounds per square foot. In 
accordance with the AREMA “Manual of Recommended Practice” an impact factor 
of 1.4 at zero cover decreasing to 1.0 at ten feet of cover is included in the Tables. 

Illustration 4.20   Cooper E 80 Wheel Loads and Axel Spacing
Based on a uniform load distribution at the bottom of the ties and through the 
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soil mass, the design track unit load, WL, in pounds per square foot, is determined 
from the AREMA graph presented in Figure 215. To obtain the live load transmitted 
to the pipe in pounds per linear foot, it is necessary to multiply the unit load, WL, 
from Figure 215, by the outside span, Bc, of the pipe in feet. 

Loadings on a pipe within a casing pipe shall be taken as the full dead load, 
plus live load, plus impact load without consideration of the presence of the casing 
pipe, unless the casing pipe is fully protected from corrosion.

Culvert or sewer pipe within the railway right-of-way, but not under the track 
structure, should be analyzed for the effect of live loads because of the possibility 
of train derailment.

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

SELECTION OF BEDDING
A bedding is provided to distribute the vertical reaction around the lower 

exterior surface of the pipe and reduce stress concentrations within the pipe wall.  
The load that a concrete pipe will support depends on the width of the bedding 
contact area and the quality of the contact between the pipe and bedding. An 
important consideration in selecting a material for bedding is to be sure that 
positive contact can be obtained between the bed and the pipe. Since most 
granular materials will shift to attain positive contact as the pipe settles, an ideal 
load distribution can be attained through the use of clean coarse sand, well-
rounded pea gravel or well-graded crushed rock.

BEDDING FACTORS
Under installed conditions the vertical load on a pipe is distributed over its 

width and the reaction is distributed in accordance with the type of bedding. When 
the pipe strength used in design has been determined by plant testing, bedding 
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 3 Op. cit., p. 28
 4 Equation (21) is recommended by WPCF-ASCE Manual, The Design and Construction of Sanitary 

Storm Sewers.
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factors must be developed to relate the in-place supporting strength to the more 
severe plant test strength. The bedding factor is the ratio of the strength of the pipe 
under the installed condition of loading and bedding to the strength of the pipe 
in the plant test. This same ratio was defined originally by Spangler as the load 
factor. This latter term, however, was subsequently defined in the ultimate strength 
method of reinforced concrete design with an entirely different meaning. To avoid 
confusion, therefore, Spangler’s term was renamed the bedding factor. The three-
edge bearing test as shown in Illustration 4.20 is the normally accepted plant test 
so that all bedding factors described in the following pages relate the in-place 
supporting strength to the three-edge bearing strength.

Illustration 4.21   Three-Edge Bearing Test

Although developed for the direct design method, the Standard Installations 
are readily applicable to and simplify the indirect design method. The Standard 
Installations are easier to construct and provide more realistic designs than 
the historical A, B, C, and D beddings. Development of bedding factors for the 
Standard Installations, as presented in the following paragraphs, follows the 
concepts of reinforced concrete design theories. The basic definition of bedding 
factor is that it is the ratio of maximum moment in the three-edge bearing test to 
the maximum moment in the buried condition, when the vertical loads under each 
condition are equal:

Bf =                                                                                                                    (4.18)
MTEST
MFIELD

where:
 Bf = bedding factor
 MTEST = maximum moment in pipe wall under three-edge bearing test 

load, inch-pounds
 MFIELD = maximum moment in pipe wall under field loads, inch-pounds

Consequently, to evaluate the proper bedding factor relationship, the vertical 
load on the pipe for each condition must be equal, which occurs when the 
springline axial thrusts for both conditions are equal. In accordance with the laws 
of statics and equilibrium, MTEST and MFIELD are:
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MTEST = [0.318NFS] x [D + t]                                                                           (4.19)
MFIELD = [MFI] - [0.38tNFI] - [0.125NFI x c]                                                          (4.20)
where:
 NFS = axial thrust at the springline under a three-edge bearing test load, 

pounds per foot
 D = inside pipe diameter, inches
 t = pipe wall thickness, inches
 MFI = moment at the invert under field loading, inch-pounds/ft
 NFI = axial thrust at the invert under field loads, pounds per foot
 c = thickness of concrete cover over the inner reinforcement, inches

Substituting equations 4.19 and 4.20 into equation 4.18.

Bf =                                                                                                                                (4.21)
[0.318NFS] x [D + t]
[MFI] - [0.38tNFI] - [0.125NFI x C]

Using this equation, bedding factors were determined for a range of pipe 
diameters and depths of burial. These calculations were based on one inch cover 
over the reinforcement, a moment arm of 0.875d between the resultant tensile 
and compressive forces, and a reinforcement diameter of 0.075t. Evaluations 
indicated that for A, B and C pipe wall thicknesses, there was negligible variation 
in the bedding factor due to pipe wall thickness or the concrete cover, c, over the 
reinforcement. The resulting bedding factors are presented in Illustration 4.21.

Illustration 4.22 Bedding Factors, Embankment Conditions, Bfe

 Pipe Standard Installation
 Diameter Type 1 Type 2 Type 3 Type 4
 12 in. 4.4 3.2 2.5 1.7
 24 in. 4.2 3.0 2.4 1.7
 36 in. 4.0 2.9 2.3 1.7
 72 in. 3.8 2.8 2.2 1.7
 144 in. 3.6 2.8 2.2 1.7

Notes:
1. For pipe diameters other than listed in Illustration 4.21, embankment condition factors, Bfe can 

be obtained by interpolation.
2. Bedding factors are based on the soils being placed with the minimum compaction specified in 

Illustration 4.4 for each standard installation.

Determination of Bedding Factor. For trench installations as discussed 
previously, experience indicates that active lateral pressure increases as trench 
width increases to the transition width, provided the sidefill is compacted. A SIDD 
parameter study of the Standard Installations indicates the bedding factors are 
constant for all pipe diameters under conditions of zero lateral pressure on the 
pipe. These bedding factors exist at the interface of the pipewall and the soil 
and are called minimum bedding factors, Bfo, to differentiate them from the fixed 
bedding factors developed by Spangler. Illustration 4.22 presents the minimum 
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bedding factors.

Illustration 4.23 Trench Minimum Bedding Factors, Bfo

 Standard Installation Minimum Bedding Factor, Bfo

 Type 1 2.3

 Type 2 1.9

 Type 3 1.7

 Type 4 1.5

Note:
1. Bedding factors are based on the soils being placed with the minimum compaction specified in 

Illustration 4.4 for each Standard Installation.
2. For pipe installed in trenches dug in previously constructed embankment, the load and the 

bedding factor should be determined as an embankment condition unless the backfill placed 
over the pipe is of lesser compaction than the embankment.  

A conservative linear variation is assumed between the minimum bedding 
factor and the bedding factor for the embankment condition, which begins at 
transition width.

Illustration 4.24   Variable Bedding Factor

The equation for the variable trench bedding factor, is:

Bfv =                                 + Bfo                                                                (4.22)
[Bfe – Bfo][Bd – Bc]

[Bdt – Bc]
where:
 Bc = outside horizontal span of pipe, feet
 Bd = trench width at top of pipe, feet
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 Bdt = transition width at top of pipe, feet
 Bfe = bedding factor, embankment
 Bfo = minimum bedding factor, trench
 Bfv = variable bedding factor, trench

Transition width values, Bdt are provided in Tables 13 through 39.

For pipe installed with 6.5 ft or less of overfill and subjected to truck 
loads, the controlling maximum moment may be at the crown rather than the 
invert. Consequently, the use of an earth load bedding factor may produce 
unconservative designs. Crown and invert moments of pipe for a range of 
diameters and burial depths subjected to HS20 truck live loadings were evaluated. 
Also evaluated, was the effect of bedding angle and live load angle (width of 
loading on the pipe). When HS20 or other live loadings are encountered to a 
significant value, the live load bedding factors, BfLL, presented in Illustration 
4.24 are satisfactory for a Type 4 Standard Installation and become increasingly 
conservative for Types 3, 2, and 1. Limitations on BfLL are discussed in the section 
on Selection of Pipe Strength.

Illustration 4.25   Bedding Factors, BfLL, for HS20 Live Loadings

 Fill Pipe Diameter, Inches
 Height,
 Ft. 12 24 36 48 60 72 84 96 108 120 144

 0.5 2.2 1.7 1.4 1.3 1.3 1.1 1.1 1.1 1.1 1.1 1.1
 1.0 2.2 2.2 1.7 1.5 1.4 1.3 1.3 1.3 1.1 1.1 1.1
 1.5 2.2 2.2 2.1 1.8 1.5 1.4 1.4 1.3 1.3 1.3 1.1
 2.0 2.2 2.2 2.2 2.0 1.8 1.5 1.5 1.4 1.4 1.3 1.3
 2.5 2.2 2.2 2.2 2.2 2.0 1.8 1.7 1.5 1.4 1.4 1.3
 3.0 2.2 2.2 2.2 2.2 2.2 2.2 1.8 1.7 1.5 1.5 1.4
 3.5 2.2 2.2 2.2 2.2 2.2 2.2 1.9 1.8 1.7 1.5 1.4
 4.0 2.2 2.2 2.2 2.2 2.2 2.2 2.1 1.9 1.8 1.7 1.5
 4.5 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.0 1.9 1.8 1.7
 5.0 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.0 1.9 1.8

Application of Factor of Safety. The indirect design method for concrete 
pipe is similar to the common working stress method of steel design, which 
employs a factor of safety between yield stress and the desired working stress. 
In the indirect method, the factor of safety is defined as the relationship between 
the ultimate strength D-load and the 0.01inch crack D-load. This relationship 
is specified in the ASTM Standards C 76 and C 655 on concrete pipe. The 
relationship between ultimate D-load and 0.01-inch crack D-load is 1.5 for 0.01 
inch crack D-loads of 2,000 or less; 1.25 for 0.01 inch crack D loads of 3,000 or 
more; and a linear reduction from 1.5 to 1.25 for 0.01 inch crack D-loads between 
more than 2,000 and less than 3,000. Therefore, a factor of safety of 1.0 should 
be applied if the 0.01 inch crack strength is used as the design criterion rather 
than the ultimate strength. The 0.01 inch crack width is an arbitrarily chosen test 
criterion and not a criteri for field performance or service limit.
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SELECTION OF PIPE STRENGTH
The American Society for Testing and Materials has developed standard 

specifications for precast concrete pipe. Each specification contains design, 
manufacturing and testing criteria.

ASTM Standard C 14 covers three strength classes for nonreinforced concrete 
pipe. These classes are specified to meet minimum ultimate loads, expressed in 
terms of three-edge bearing strength in pounds per linear foot.

ASTM Standard C 76 for reinforced concrete culvert, storm drain and sewer 
pipe specifies strength classes based on D-load at 0.01-inch crack and/or ultimate 
load. The 0.01-inch crack D-load (D0.01) is the maximum three-edge-bearing test 
load supported by a concrete pipe before a crack occurs having a width of 0.01 
inch measured at close intervals, throughout a length of at least 1 foot. The 
ultimate D-load (Dult) is the maximum three-edge-bearing test load supported by 
a pipe divided by the pipe’s inside diameter. D-loads are expressed in pounds per 
linear foot per foot of inside diameter.

ASTM Standard C 506 for reinforced concrete arch culvert, storm drain, and 
sewer pipe specifies strengths based on D-load at 0.01-inch crack and/or ultimate 
load in pounds per linear foot per foot of inside span.

ASTM Standard C 507 for reinforced concrete elliptical culvert, storm drain 
and sewer pipe specifies strength classes for both horizontal elliptical and vertical 
elliptical pipe based on D-load at 0.01-inch crack and/or ultimate load in pounds 
per linear foot per foot of inside span.

ASTM Standard C 655 for reinforced concrete D-load culvert, storm drain 
and sewer pipe covers acceptance of pipe designed to meet specific D-load 
requirements.

ASTM Standard C 985 for nonreinforced concrete specified strength culvert, 
storm drain, and sewer pipe covers acceptance of pipe designed for specified 
strength requirements.

Since numerous reinforced concrete pipe sizes are available, three-edge 
bearing test strengths are classified by D-loads. The D-load concept provides 
strength classification of pipe independent of pipe diameter. For reinforced circular 
pipe the three-edge-bearing test load in pounds per linear foot equals D-load 
times inside diameter in feet. For arch, horizontal elliptical and vertical elliptical 
pipe the three-edge bearing test load in pounds per linear foot equals D-load 
times nominal inside span in feet.

The required three-edge-bearing strength of non-reinforced concrete pipe 
is expressed in pounds per linear foot, not as a D-load, and is computed by the 
equation:   

T.E.B =                           +             x F.S.                                                                     (4.23)
WE + WF

Bf

WL
BfLL[ [

The required three-edge bearing strength of circular reinforced concrete pipe 
is expressed as D-load and is computed by the equation:

D-load =                           +            x                                                                           (4.24)
WL
BfLL

F.S.
D

WE + WF
Bf[ [
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The determination of required strength of elliptical and arch concrete pipe is 
computed by the equation:

D-load =                            +            x                                                                         (4.25)
WL
BfLL

F.S.
S

WE + WF
Bf[ [

where:

 S = inside horizontal span of pipe, ft.

When an HS20 truck live loading is applied to the pipe, use the live load 
bedding factor, BfLL, as indicated in Equations 4.23 – 4.25, unless the earth load 
bedding factor, Bf, is of lesser value in which case, use the lower Bf value in place 
of BfLL. For example, with a Type 4 Standard Installation of a 48 inch diameter pipe 
under 1.0 feet of fill, the factors used would be Bf = 1.7 and BfLL = 1.5; but under 
2.5 feet or greater fill, the factors used would be Bf= 1.7 and BfLL, = 1.7 rather than 
2.2. For trench installations with trench widths less than transition width, BfLL would 
be compared to the variable trench bedding factor, Bfv.  Although their loads are 
generally less concentrated, the live load bedding factor may be conservatively 
used for aircraft and railroad loadings.

The use of the six-step indirect design method is illustrated by examples on 
the following pages.
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EXAMPLE PROBLEMS
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Do

Bd

H

EXAMPLE PROBLEMS

EXAMPLE 4-1
Trench Installation

Given: A 48 inch circular pipe is to be installed in a 7 foot wide trench with 10 feet 
of cover over the top of the pipe. The pipe will be backfilled with sand and 
gravel weighing 110 pounds per cubic foot. Assume a Type 4 Installation.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  To determine the earth load, we must first determine if the installation 

is behaving as a trench installation or an embankment installation.  
Since we are not told what the existing in-situ material is, conservatively 
assume a Kµ' value between the existing soil and backfill of 0.150.  

  
  From Table 23, The transition width for a 48 inch diameter pipe with a 

Kµ' value of 0.150 under 10 feet of fill is: 

  Bdt = 8.5 feet

  Transition width is greater than the actual trench width, therefore the 
installation will act as a trench.  Use Equations 4.3 and 4.4 to determine 
the soil load.

  

w = 110  pounds per cubic foot
H = 10  feet
Bd = 7  feet
Kμ' = 0.150

Do =

Do = 4.83  feet

48 + 2 (5)
12

Note: Wall thickness for a 48 inch inside diameter 
pipe with a B wall is 5-inches per ASTM C 76.
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  The value of Cd can be obtained from Figure 214, or calculated using 
Equation 4.4.

  

Cd  =                                                                                 Equation 4.4

Cd  = 1.16

1 - e
(2) (0.150)

10
7

-2 (0.150)

Wd = (1.16)(110)(7)2 +                          (110)                  Equation 4.3

Wd = 6,538 pounds per linear foot 

We = Wd     WE = 6,538 earth load in pounds per linear foot

8

(4.83)2 (4 - π)

  Weight of Fluid, WF, for a 48' pipe
  WF = gw x A
  
   

  

WF = 62.4 x  = 62.4 x             

WF = 784.1 pounds per linear foot

4

π (D1)
2

4

π (4)2

 2. Determination of Live Load (WL)
  From Table 42, live load is negligible at a depth of 10 feet.
 
 3. Selection of Bedding
  Because of the narrow trench, good compaction of the soil on the sides 

of the pipe would be difficult, although not impossible.  Therefore a Type 
4 Installation was assumed.

 4. Determination of Bedding Factor, (Bfv)
  The pipe is installed in a trench that is less than transition width.  

Therefore, Equation 4.24 must be used to determine the variable 
bedding factor.

  

Bc  = Do Bc = 4.83 outside diameter of pipe in feet 
Bd  = 7 width of trench in feet 
Bdt = 8.5 transition width in feet
Bfe = 1.7 embankment bedding factor
Bfo = 1.5 minimum bedding factor
 

Bfv = 1.62

Bfv =                                    + 1.5                                  Equation 4.24
8.5 - 4.83

(1.7 - 1.5) (7 - 4.83)

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.
  
 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26
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WE = 6,538 earth load in pounds per linear foot
WF = 784 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfv Bf = 1.62 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
D = 4 inside diameter of pipe in feet
 

D0.01 = 1,130 pounds per linear foot per foot of diameter

D0.01 =                                                                               Equation 4.26
1.62   4

 6,538 + 784.1      1  

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 1,130 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE 4-2
Positive Projection Embankment Installation

Given: A 48 inch circular pipe is to be installed in a positive projecting 
embankment condition using a Type 1 installation. The pipe will be covered 
with 35 feet of 120 pounds per cubic foot overfill.

Find: The required pipe strength in terms of 0.01 inch D-load

 1. Determination of Earth Load (WE) 
  Per the given information, the installation behaves as a positive 

projecting embankment.  Therefore, use Equation 4.2 to determine the 
soil prism load and multiply it by the appropriate vertical arching factor.

 

Do

Di

H
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Do = 4.83  outside diameter of pipe in feet

w = 120  unit weight of soil in pounds per cubic foot

H = 35  height of cover in feet

PL = 20,586  pounds per linear foot

Do = 
12

48 + 2 (5) Note: The wall thickness for a 48-inch 
pipe with a B wall is 5-inches per ASTM C76.

PL = 120   35 +                         4.83                                      Equation 4.2               
8

4.83 (4 - π)

  Immediately listed below Equation 4.2 are the vertical arching factors 
(VAFs) for the four types of Standard Installations.  Using a VAF of 1.35 
for a Type 1 Installation, the earth load is:

  

WE = 1.35 x 20,586

WE = 27,791  pounds per linear foot                                      Equation 4.1

  Weight of Fluid, WF, for a 48" pipe
  WF = gw x A

  

  

WF = 62.4 x  = 62.4 x             

WF = 784.1 pounds per linear foot

4

π (D1)
2

4

π (4)2

 2. Determination of Live Load (WL)
  From Table 42, live load is negligible at a depth of 35 feet.

 3. Selection of Bedding
  A Type 1 Installation will be used for this example

 4. Determination of Bedding Factor, (Bfe)
  The embankment bedding factor for a Type 1 Installation may be 

interpolated from Illustration 4.21

  

Bfe36 = 4.0
Bfe72 = 3.8 

Bfe48 =                    (4.0 - 3.8) + 3.8

Bfe48 = 3.93

72 - 48

72 - 36

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26
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Bc

Bd

H

 

WE = 27,791 earth load in pounds per linear foot
WF = 784 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfe Bf = 3.93 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
D = 4 inside diameter of pipe in feet
 
  

D0.01 = 1,818 pounds per linear foot per foot of diameter

D0.01 =                                                                                Equation 4.26
3.93   4

 27,791 + 784.1      1.0  

 
 

Answer: A pipe which would withstand a minimum three-edge bearing test for 
the 0.01 inch crack of 1,818 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE 4-3
Negative Projection Embankment Installation

Given: A 72 inch circular pipe is to be installed in a negative projecting 
embankment condition in ordinary soil. The pipe will be covered with 35 
feet of 120 pounds per cubic foot overfill. A 10 foot trench width will be 
constructed with a 5 foot depth from the top of the pipe to the natural 
ground surface.

Find: The required pipe strength in terms of 0.01 inch D-load

 1. Determination of Earth Load (WE)
  A settlement ratio must first be assumed.  The negative projection ratio 

of this installation is the height of soil from the top of the pipe to the top 
of the natural ground (5 ft) divided by the trench width (10 ft).  Therefore 
the negative projection ratio of this installation is p' = 0.5.  From Table 
40, for a negative projection ratio of p' = 0.5, the design value of the 
settlement ratio is -0.1.

  Enter Figure 195 on the horizontal scale at H = 35 feet.  Proceed 
vertically until the line representing Bd = 10 feet is intersected.  At this 
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point the vertical scale shows the fill load to be 27,500 pounds per linear 
foot for 100 pounds per cubic foot fill material.  Increase the load 20 
percent for 120 pound material since Figure 195 shows values for 100 
pound material.

  Wn = 1.20 x 27,500
  Wn = 33,000 pounds per linear foot
  WE = Wn     WE = 33,000 earth load in pounds per linear foot
  
  Weight of Fluid, WF, for a 72" pipe  

  WF = gw x A

  

  

WF = 62.4 x  = 62.4 x             

WF = 1764 pounds per linear foot

4

π (D1)
2

4

π (6)2

 2. Determination of Live Load (WL)
  From Table 42, live load is negligible at a depth of 35 feet.

 3. Selection of Bedding
  No specific bedding was given.  Assuming the contractor will put 

minimal effort into compacting the soil, a Type 3 Installation is chosen. 

 4. Determination of Bedding Factor, (Bfv)
  The variable bedding factor will be determined using Equation 4.24 in 

the same fashion as if the pipe were installed in a trench.

  

Bc  = 7.17 outside diameter of pipe in feet 

Bd  = 10 trench width in feet

Bdt = 14.1 transition width for a Type 3 Installation with Kμ'=0.150 

Bfe = 2.2 embankment bedding factor (taken from Illustration 4.21)

Bfo = 1.7 minimum bedding factor (taken from Illustration 4.22)

 

Bfv = 1.9

Bc  = 
12

72 + 2 (7) Note: The wall thickness for a 72-inch pipe with 
a B wall is 7-inches per ASTM C 76.

Bfv =                                    + 1.7                                Equation 4.24
14.1 - 7.17

(2.2 - 1.7) (10 - 7.17)

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26
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Bc

Bt

H

  

WE  = 33,000 earth load in pounds per linear foot
WF = 1,764 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfv Bf = 1.9 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
D  = 6 inside diameter of pipe in feet
 

D0.01 = 3,050 pounds per linear foot per foot of diameter

D0.01 =                                                                           Equation 4.26
1.9   6

 33,000 + 1,764     1.0  

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 3,050 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE 4-4
Jacked or Tunneled Installation

Given: A 48 inch circular pipe is to be installed by the jacking method of 
construction with a height of cover over the top of the pipe of 40 feet. The 
pipe will be jacked through ordinary clay material weighing 110 pounds per 
cubic foot throughout its entire length. The limit of excavation will be 5 feet.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  A coefficient of cohesion value must first be assumed.  In Table 41, 

values of the coefficient of cohesion from 40 to 1,000 are given for clay.  
A conservative value of 100 pounds per square foot will be used.

  Enter Figure 151, Ordinary Clay, and project a horizontal line from H 
= 40 feet on the vertical scale and a vertical line from Bt = 5 feet on 
the horizontal scale.  At the intersection of these two lines interpolate 
between the curved lines for a value of 9,500 pounds per linear foot, 
which accounts for earth load without cohesion.  Decrease the load in 
proportion to 110/120 for 110 pound material since Figure 151 shows 
values for 120 pound material.
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Wt =          x 9,500 

Wt = 8,708  pounds per linear foot

110
120

  Enter Figure 152, Ordinary Clay, and project a horizontal line from H 
= 40 feet on the vertical scale and a vertical line from Bt = 5 feet on 
the horizontal scale.  At the intersection of these two lines interpolate 
between the curved lines for a value of 33, which accounts for the 
cohesion of the soil.  Multiply this value by the coefficient of cohesion, 
c = 100, and subtract the product from the 8,708 value obtained from 
figure 151.

  
  Wt = 8,708 –100 (33)
  Wt = 5,408 pounds per linear foot
  WE = Wt       WE = 5,408 earth load in pounds per linear foot

  Note: If the soil properties are not consistent, or sufficient information on 
the soil is not available, cohesion may be neglected and a conservative 
value of 8,708 lbs/ft used.

  Weight of Fluid, WF, for a 48" pipe
  WF = gw x A 

 

  

WF = 62.4 x  = 62.4 x             

WF = 784.1 pounds per linear foot

4

π (D1)
2

4

π (4)2

 2. Determination of Live Load (WL)
  From Table 42, live load is negligible at 40 feet.

 3. Selection of Bedding
  The annular space between the pipe and limit of excavation will be filled 

with grout.
 
 4. Determination of Bedding Factor (Bfv)
  Since the space between the pipe and the bore will be filled with grout, 

there will be positive contact of bedding around the periphery of the 
pipe.  Because of this beneficial bedding condition, little flexural stress 
should be induced in the pipe wall.  A conservative variable bedding 
factor of 3.0 will be used.

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.
 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26.
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Bc

Bd

H

 

WE = 5,408 earth load in pounds per linear foot
WF = 784 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfv Bf = 3.0 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
D = 4 inside diameter of pipe in feet
 

D0.01 = 516 pounds per linear foot per foot of diameter

D0.01 =                                                                           Equation 4.26
3.0   4

 5,408 + 784.1      1.0  

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 516 pounds per linear foot per foot of inside 
diameter would be required. 

EXAMPLE 4-5
Wide Trench Installation

Given: A 24 inch circular non reinforced concrete pipe is to be installed in a 5 foot 
wide trench with 10 feet of cover over the top of the pipe. The pipe will be 
backfilled with ordinary clay weighing 120 pounds per cubic foot.

Find: The required three-edge bearing test strength for nonreinforced pipe and 
the ultimate D-load for reinforced pipe.

 1. Determination of Earth Load (WE)
  To determine the earth load, we must first determine if the installation 

is behaving as a trench installation or an embankment installation.  
Assume that since the pipe is being backfilled with clay that they are 
using in-situ soil for backfill.  Assume a Kµ’ value between the existing 
soil and backfill of 0.130.  We will assume a Type 4 Installation for this 
example.

  From Table 17, the transition width for a 24 inch diameter pipe with a Kµ’ 
value of 0.130 under 10 feet of fill is:

  Bdt = 4.8
  Since the transition width is less than the trench width, this installation 

will act as an embankment.  Therefore calculate the prism load per 
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Equation 4.2 and multiply it by the appropriate vertical arching factor 
(VAF).

  

Do = 2.5  outside diameter of pipe in feet 
w = 120  unit weight of soil in pounds per cubic foot
H = 10  height of cover in feet

PL = 3,080  pounds per linear foot

Do = 
12

24 + 2 (3) Note: The wall thickness for a 24-inch 
pipe with a B wall is 3-inches per ASTM C76.

PL = 120   10 +                     2.5                                      Equation 4.2               
8

2.5 (4 - π)

  Immediately listed below Equation 4.2 are the vertical arching factors 
(VAF) for the four types of Standard Installations.  Using a VAF of 1.45 
for a Type 4 Installation, the earth load is:

  

WE = 1.45 x 3,080
WE = 4,466  pounds per linear foot                                    Equation 4.1

  Weight of Fluid, WF, for a 24" pipe
  WF = gw x A

  
  

  

WF = 62.4 x  = 62.4 x             

WF = 196 pounds per linear foot

4

π (D1)
2

4

π (2)2

 2. Determination of Live Load (WL)
  From Table 42, live load is negligible at a depth of 10 feet.

 3. Selection of Bedding
  A Type 4 Installation has been chosen for this example

 4. Determination of Bedding Factor, (Bfe)
  Since this installation behaves as an embankment, an embankment 

bedding factor will be chosen.  From Illustration 4.21, the embankment 
bedding factor for a 24 inch pipe installed in a Type 4 Installation is:

  
  Bfe = 1.7
 
 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26.
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pB'C
B'c

H

TEB =                              1.5                                                   Equation 4.25

TEB = 4,114  pounds per linear foot

The D-load for reinforced concrete pipe is given by Equation 4.26.

D0.01 =                                                                                      Equation 4.26 

D0.01 = 1,371  pounds per linear foot per foot of diameter
1.7 2

1.0 4,466 + 196

1.7
 4,466 + 196

WE = 4,466 earth load in pounds per linear foot
WF = 196 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfe     Bf = 1.7 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
D = 2 inside diameter of pipe in feet
The ultimate three-edge bearing strength for nonreinforced concrete pipe
is given by Equation 4.25

Answer: A nonreinforced pipe which would withstand a minimum three-edge 
bearing test load of 4,114 pounds per linear foot would be required.

EXAMPLE 4-6
Positive Projection Embankment Installation

Vertical Elliptical Pipe

Given: A 76 inch x 48 inch vertical elliptical pipe is to be installed in a positive 
projection embankment condition in ordinary soil. The pipe will be covered 
with 50 feet of 120 pounds per cubic foot overfill.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
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  Note:  The Standard Installations were initially developed for circular 
pipe, and their benefit has not yet been established for elliptical and 
arch pipe.  Therefore, the traditional Marston/Spangler design method 
using B and C beddings is still conservatively applied for these shapes.

  A settlement ratio must first be assumed.  In Table 40, values of 
settlement ratio from +0.5 to +0.8 are given for positive projecting 
installation on a foundation of ordinary soil.  A value of 0.7 will be used.  
The product of the settlement ratio and the projection ratio will be 0.49 
(rsdp approximately 0.5).

  Enter Figure 182 on the horizontal scale at H = 50 feet.  Proceed 
vertically until the line representing R x S = 76" x 48" is intersected.  At 
this point the vertical scale shows the fill load to be 41,000 pounds per 
linear foot for 100 pounds per cubic foot fill material.  Increase the load 
20 percent for 120 pound material.

  Wc = 1.20 x 41,000
  Wc = 49,200 per linear foot
  WE = Wc       WE = 49,200 earth load in pounds per linear foot

  Weight of Fluid, WF, for a 76" x 48" pipe
  WF = gw x A
    
  

  

WF = 62.4 x             

WF = 1241 pounds per linear foot

4

π 6.33 x 4

 2. Determination of Live Load (WL)
  From Table 44, live load is negligible at a depth of 50 feet.

 3. Selection of Bedding
  Due to the high fill height you will more than likely want good support 

around the pipe, a Class B bedding will be assumed for this example.

 4. Determination of Bedding Factor (Bfe)
  First determine the H/Bc ratio.  

  

H = 50

Bc =

Bc = 5.08 outside diameter of pipe in feet

H/Bc = 9.84

48 + 2 (6.5)
12

Note: the wall thickness for a 72" x 48" 
elliptical pipe is 6.5" per ASTM C507.

  From Table 59, for an H/Bc ratio of 9.84, rsdp value of 0.5, p value of 
0.7, and a Class B bedding, an embankment bedding factor of 2.71 is 
obtained.

    Bfe = 2.71
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Bc

B

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.27

  

WE = 49,200 earth load in pounds per linear foot
WF = 1,242 fluid load in pounds per linear foot
WL = 0 live load is negligible
Bf = Bfe   Bf = 2.71 earth load bedding factor
BfLL = N/A live load bedding factor is not applicable
S = 4 inside diameter of pipe in feet
 

D0.01 = 4,653 pounds per linear foot per foot of diameter

D0.01 =                                                                               Equation 4.27
2.71   4

 49,200 + 1,241     1.0  

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 4,654 pounds per linear foot per foot of inside 
horizontal span would be required.

EXAMPLE 4-7
Highway Live Load

Given: A 24 inch circular pipe is to be installed in a positive projection 
embankment under an unsurfaced roadway and covered with 2.0 feet of 
120 pounds per cubic foot backfill material.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  Per the given information, the installation behaves as a positive 

projecting embankment.  Therefore, use Equation 4.2 to determine the 
soil prism load and multiply it by the appropriate vertical arching factor.
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Do = 2.5  outside diameter of pipe in feet 
w = 120  unit weight of soil in pounds per cubic foot
H = 2  height of cover in feet

PL = 680  pounds per linear foot

Do = 
12

24 + 2 (3) Note: The wall thickness for a 24-inch 
pipe with a B wall is 3-inches per ASTM C76.

PL = 120   2 +                       2.5                                   Equation 4.2               
8

2.5  (4 - π)

  Assume a Type 2 Standard Installation and use the appropriate vertical 
arching factor listed below Equation 4.2.

  

VAF = 1.4 

WE = 1.40 x 680

WE = 952  pounds per linear foot                                   Equation 4.1

  Weight of Fluid, WF, for a 24" pipe
  WF = gw x A
 
  

  

WF = 62.4 x          

WF = 196 pounds per linear foot

4

π (2)2

 2. Determination of Live Load (WL)
  Since the pipe is being installed under an unsurfaced roadway with 

shallow cover, a truck loading based on AASHTO will be evaluated.  
From Table 42, for D = 24 inches and H = 2.0 feet, a live load of 1,780 
pounds per linear foot is obtained.  This live load value includes impact.

  WL = 1,780 pounds per linear foot
 
 3. Selection of Bedding
  A Type 2 Standard Installation will be used for this example.

 4. Determination of Bedding Factor, (Bfe)
  a.) Determination of Embankment Bedding Factor
   From Illustration 4.21, the earth load bedding factor for a 24 inch 

pipe installed in a Type 2 positive projecting embankment condition 
is 3.0.

   Bfe = 3.0

  b.) Determination of Live Load Bedding Factor, (BfLL)
   From Illustration 4.24, the live load bedding factor for a 24 inch pipe 

under 2 feet of cover is 2.2.

   BfLL = 2.2
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Bc

B

 5. Application of Factor of Safety (F.S.) 
A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by equation 4.26

  

WE = 952 earth load in pounds per linear foot
WF = 196 fluid load in pounds per linear foot
WL = 1,780 live load in pounds per linear foot
Bf = Bfe     Bf = 3 earth load bedding factor
BfLL = 2.2 live load bedding factor is not applicable
D = 2 inside diameter of pipe in feet
 

D0.01 = 596 pounds per linear foot per foot of diameter

D0.01 =                                                                           Equation 4.26
3.0 2.2         2

 952 + 196       1,780     1.0  
+

Answer: A pipe which would withstand a minimum three-edge bearing test for the 
0.01 inch crack of 596 pounds per linear foot per foot of inside diameter 
would be required.

EXAMPLE 4-8
Highway Live Load per AASHTO LRFD

Given: A 30-inch diameter, B wall, concrete pipe is to be installed as a storm 
drain under a flexible pavement and subjected to AASHTO highway 
loadings. The pipe will be installed in a 6 ft wide trench with a minimum of 
2 feet of cover over the top of the pipe. The AASHTO LRFD Criteria will be 
used with Select Granular Soil and a Type 3 Installation.

Find: The maximum 0.01” Dload required of the pipe.

 1. Determination of Earth Load (WE)
  Per review of Table 19, the 6 ft. trench is wider than transition width.  
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Therefore, the earth load is equal to the soil prism load multiplied by the 
appropriate vertical arching factor.

  

Do = 3.08  outside diameter of pipe in feet 
w = 120  unit weight of soil in pounds per cubic foot
H = 2  height of cover in feet

PL = 861  pounds per linear foot

Do = 
12

30 + 2 (3.5) Note: The wall thickness for a 30-inch 
pipe with a B wall is 3.5-inches per ASTM C76.

PL = 120  2 +                         3.08        
8

3.08 (4 - π)

  Illustration 4.7 lists the vertical arching factors (VAFs) for the four types 
of Standard Installations.  Using a VAF of 1.40 for a Type 3 Installation, 
the earth load is:

  

WE = 1.40 x 861                                                                   Equation 4.1
WE = 1,205  pounds per linear foot                                      

  The weight of concrete pavement must be included also.  Assuming 150 
pounds per cubic foot unit weight of concrete, the total weight of soil and 
concrete is:

  WE = 1,205 + 150 x 1.0 x 3.08
  WE = 1,655 pounds per linear foot

  Weight of Fluid, WF, for a 30" pipe
  WF = gw x A
   
 

  

WF = 62.4 x          

WF = 306 pounds per linear foot

4

π (2.5)2

 2. Review project data.
      A 30-inch diameter, B wall, circular concrete pipe has a wall thickness of 

3.5 inches, per ASTM C76 therefore

  Bc  = 3.08

Bc = 
12

30 + 2 (3.5)

  And Ro, the outside height of the pipe, is 3.08 feet. Height of earth cover 
is 2 feet. Use AASHTO LRFD Criteria with Select Granular Soil Fill.

 3. Calculate average pressure intensity of the live load on the plane at the 
outside top of the pipe.

  From Illustration 4.12, the critical load, P, is 16,000 pounds from an HS 
20 single dual wheel, and the Spread Area is:
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3.97

3.13

3.13

3.97

  A = (Spread a)(Spread b)
  A = (1.67 + 1.15x2)(0.83 + 1.15x2)
  A = (3.97)(3.13)
  A = 12.4 square feet

  I.M. = 33(1.0-0.125H)/100
  I.M. = 0.2475 (24.75%)
  w = P(1+IM)/A
  w = 16,000(1+0.2475)/12.4
  w =   1,610 lb/ft2

  4. Calculate total live load acting on the pipe.
     
       WT = (w + LL)LSL

  Assuming truck travel transverse to pipe centerline.
            
  LL = 64
  L = Spread a = 3.97 feet
       Spread b = 3.13 feet
       Bc = 3.08 feet, which is less than Spread b, 
    therefore
       SL = 3.08 feet
  WT = (1,610 + 64) 3.97 x 3.08 = 20,500 pounds

       Assuming truck travel parallel to pipe centerline.
  LL = 64
  Spread a = 3.97 feet
       L = Spread b = 3.13 feet
       Bc = 3.08 feet, which is less than Spread a, 
    therefore
       SL = 3.08 feet
  WT = (1,610 + 64) 3.08 x 3.13 = 16,100 pounds

       WT Maximum = 20,500 pounds; and truck travel is 
  transverse to pipe centerline

 5. Calculate live load on pipe in pounds per linear foot, (WL)

      Ro = 3.08 feet
      Le = L + 1.75 (3/4Ro)
      Le = 3.97 + 1.75(.75 x 3.08) = 8.01 feet
      WL = WT/Le
      WL = 20,500/8.01 = 2,559 pounds per linear foot

  The pipe should withstand a maximum live load of 2,559 pounds per 
linear foot.
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 6. Determination of Bedding Factor, (Bfe)

  a) Determination of Embankment Bedding Factor
   The embankment bedding factor for a Type 3 Installation may be 

interpolated from Illustration 4.21

   

Bfe24  =  2.4
Bfe36  =  2.3 

Bfe30  =               (2.4 - 2.3) + 2.3

Bfe30  =  2.3
34 - 24

36 - 30

  b) Determination of Live Load Bedding Factor

   From Illustration 4.24, the live load bedding factor for a 30 inch pipe 
under 3 feet of cover (one foot of pavement and two feet of soil) can 
be interpolated

   

BfLL24  =  2.4
BfLL36  =  2.2
Therefore BfLL30  =  2.3

 
 7. Application of Factor of Safety (F.S.) 

 A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 8 Selection of Pipe Strength

  

WE = 1,655 earth load in pounds per linear foot
WF = 307 fluid load in pounds per linear foot
WL = 2,559 live load in pounds per linear foot
Bf = Bfe     Bf = 2.35 earth load bedding factor
BfLL = 2.3 live load bedding factor is not applicable
D = 2.5 inside diameter of pipe in feet

D0.01 =                                                                           Equation 4.26
2.35 2.3       2.5

1,655 + 306        2,559     1.0  

D0.01 = 779 pounds per linear foot per foot of diameter

+

Answer: A pipe which would withstand a minimum three-edge bearing test for the 
0.01 inch crack of 779 pounds per linear foot per foot of inside diameter 
would be required.
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Bc

H

EXAMPLE 4-9
Aircraft Live Load
Rigid Pavement

Given: A 12 inch circular pipe is to be installed in a narrow trench, Bd = 3ft under a 
12 inch thick concrete airfield pavement and subject to heavy commercial 
aircraft loading. The pipe will be covered with 1.0 foot (measured from top 
of pipe to bottom of pavement slab) of sand and gravel material weighing 
120 pounds per cubic foot.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  Per review of Table 13, the 3 ft. trench is wider than transition 

width.  Therefore, the earth load is equal to the soil prism 
load multiplied by the appropriate vertical arching factor. 

Do = 1.33  outside diameter of pipe in feet 
w = 120  unit weight of soil in pounds per cubic foot
H = 1  height of cover in feet

Do = 
12

12 + 2 (2) Note: The wall thickness for a 12-inch 
pipe with a B wall is 2-inches per ASTM C76.

PL = 120   1 +                         1.33                               Equation 4.2               
8

1.33 (4 - π)

PL = 182 pounds per linear foot
  Immediately listed below Equation 4.2 are the vertical arching factors 

(VAFs) for the four types of Standard Installations.  Using a VAF of 1.40 
for a Type 2 Installation, the earth load is:

  

WE = 1.40 x 182                                                                Equation 4.1
WE = 255  pounds per linear foot                                      

  The weight of concrete pavement must be included also.  Assuming 150 
pounds per cubic foot unit weight of concrete, the total weight of soil and 
concrete is:

  WE = 255 + 150 x 1.0 x 1.33
  WE = 455 pounds per linear foot
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  Weight of Fluid, WF, for a 12" pipe
  WF = gw x A
  
  

  

WF = 62.4 x          

WF = 49 pounds per linear foot

4

π (1)2

 2. Determination of Live Load (WL)
  It would first be necessary to determine the bearing value of the backfill 

and/or subgrade.  A modulus of subgrade reaction, k = 300 pounds per 
cubic inch will be assumed for this example. This value is used in Table 
53A and represents a moderately compacted granular material, which is 
in line with the Type 2 Installation we are using.

  Based on the number of undercarriages, landing gear configurations 
and gross weights of existing and proposed future aircrafts, the 
Concorde is a reasonable commercial aircraft design loading for pipe 
placed under airfields.  From Table 53A, for D = 12 inches and H = 1.0 
foot, a live load of 1,892 pounds per linear foot is obtained.

  WL = 1892 pounds per linear foot
  
 3. Selection of Bedding
  Since this installation is under an airfield, a relatively good installation is 

required, therefore use a Type 2 Installation.
 
 4. Determination of Bedding Factor, (Bfe)
  a.) Determination of Embankment Bedding Factor

   From Illustration 4.21, the embankment bedding factor for a 12 inch 
pipe installed in a positive projecting embankment condition is 3.2.

   
   Bfe = 3.2
  
  b.) Determination of Live Load Bedding Factor

   From Illustration 4.24, the live load bedding factor for a 12 inch pipe 
under 2 feet of cover (one foot of pavement and one foot of soil) is 
2.2.

   
   BfLL = 2.2
 
 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.
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H 20'

Bc = 10.25'

p1 = 943psf

p2 = 290psf 290psf

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26

  WE = 455 earth load in pounds per linear foot
WF = 49 fluid load in pounds per linear foot
WL = 1,892 live load in pounds per linear foot
Bf = Bfe     Bf = 3.2 earth load bedding factor
BfLL = 2.2 live load bedding factor is not applicable
D = 1 inside diameter of pipe in feet

D0.01 =                                                                            Equation 4.26
3.2 2.2       1.0

 455 + 49         1,892     1.0  

D0.01 = 1,018 pounds per linear foot per foot of diameter

+

Answer: A pipe which would withstand a minimum three-edge bearing test for 
the 0.01 inch crack of 1,018 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE 4-10
Aircraft Live Load
Rigid Pavement

Given: A 68 inch x 106 inch horizontal elliptical pipe is to be installed in a positive 
projecting embankment condition under a 7 inch thick concrete airfield 
pavement and subject to two 60,000 pound wheel loads spaced 20 feet, 
center to center. The pipe will be covered with 3-feet (measured from top 
of pipe to bottom of pavement slab) of sand and gravel material weighing 
120 pounds per cubic foot.

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  Note:  The Standard Installations were initially developed for circular 
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pipe, and their benefit has not yet been established for elliptical and 
arch pipe.  Therefore, the traditional Marston/Spangler design method 
using B and C beddings is still conservatively applied for these shapes.

  A settlement ratio must first be assumed.  In Table 40, values of 
settlement ratio from +0.5 to +0.8 are given for positive projecting 
installations on a foundation of ordinary soil.  A value of  0.7 will be 
used.  The product of the settlement ratio and the projection ratio will be 
0.49 (rsdp approximately 0.5).

  Enter Figure 187 on the horizontal scale at H = 3 ft.  Proceed vertically 
until the line representing R x S = 68" x 106" is intersected.  At this point 
the vertical scale shows the fill load to be 3,400 pounds per linear foot 
for 100 pounds per cubic foot fill material.  Increase the load 20 percent 
for 120 pound material. 

  Wd = 3,400 x 1.2
  Wd = 4,080 pounds per linear foot
  outside span of pipe is:

  

Bc = 10.25 feet 
Assuming 150 pounds per cubic foot concrete, the weight 
  of the pavement is:
Wp = 150 x 7/12 x 10.25 
Wp = 897 pounds per linear foot
WE = Wd + Wp 
WE = 4,977 pounds per linear foot

Bc = 
12

106 + 2 (8.5) Note: The wall thickness for a 68"x106" ellipitical 
pipe is 8.5-inches per ASTM C76.

  Weight of Fluid, WF, for a 68" x 106" pipe
  WF = g x A

 

   

WF = 62.4 x          

WF = 2454 pounds per linear foot

4

π (5.67 X 8.83)

 

 2. Determination of Live Load (WL)

  Assuming a modulus of subgrade reaction of k = 300 pounds per cubic 
inch and a pavement thickness of h = 7 inches, a radius of stiffness of 
24.99 inches (2.08 feet) is obtained from Table 52.  The wheel spacing 
in terms of the radius of stiffness is 20/2.08 = 9.6 Rs, therefore the 
maximum live load on the pipe will occur when one wheel is directly 
over the centerline of the pipe and the second wheel disregarded.  The 
pressure intensity on the pipe is given by Equation 4.15:

  

P(X,H) =                                                                           
C x P

Rs
2
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  The pressure coefficient (C) is obtained from Table 46 at x = 0 and H = 3 
feet.

  For x/Rs = 0 and H/Rs = 3/2.08 = 1.44, C = 0.068 by interpolation 
between H/Rs = 1.2 and H/Rs = 1.6 in Table 46.

  
p1 =                                                                               Equation 4.15

(0.068)(60,000)

(2.08)2

  p1 = 943 pounds per square foot

  In a similar manner pressure intensities are calculated at convenient 
increments across the width of the pipe.  The pressure coefficients and 
corresponding pressures in pounds per square foot are listed in the 
accompanying table.

     x/Rs

  Point 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
  Pressure
  Coefficient C 0.068 0.064 0.058 0.050 0.041 0.031 0.022 0.015
  Pressure psf 943 887 804 693 568 430 305 208
  For convenience of computing the load in pounds per linear foot, the 

pressure distribution can be broken down into two components; a 
uniform load and a parabolic load.

  The uniform load occurs where the minimum load is applied to the pipe 
at:

  

x
Rs Rs

Bc

x
Rs

1
2 5.13

2.5

2.08
=

=

=

  The pressure, p2, is then interpolated between the points 2.4 and 2.8 
from the chart x/Rs above, and equal to 290 pounds per square foot.

  The parabolic load (area of a parabola = 2/3ab, or in this case 2/3 (p1-
p2)Bc has a maximum pressure of 653 pounds per foot.

  Therefore the total live load, (WL) is equal to:

  WL = p2 x Bc + 2/3 (p1-p2)Bc
  WL = 290 x 10.25 + 2/3(943-290)10.25
  WL = 7,435 pounds per linear foot

 3. Selection of Bedding
  A Class B bedding will be assumed for this example.
 4. Determination of Bedding Factor, (Bfe)
  a.) Determination of Embankment Bedding Factor
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   From Table 60, a Class B bedding with p = 0.7, H/Bc = 3 ft/10.25 
ft. = 0.3, and rsdp = 0.5, an embankment bedding factor of 2.42 is 
obtained.

   Bfe = 2.42
  
  b.) Determination of Live Load Bedding Factor
   Live Load Bedding Factors are given in Illustration 4.24 for circular 

pipe.  These factors can be applied to elliptical pipe by using the 
span of the pipe in place of diameter.  The 106" span for the elliptical 
pipe in this example is very close to the 108" pipe diameter value 
in the table.  Therefore, from Illustration 4.24, the live load bedding 
factor for a pipe with a span of 108 inches, buried under 3.5 feet of 
fill (3 feet of cover plus 7 inches of pavement is approx. 3.5 feet) is 
1.7.

   BfLL = 1.7

 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of pipe strength
  The D-load given is given by Equation 4.27

  

WE = 49,277 earth load in pounds per linear foot
WF = 2,453 fluid load in pounds per linear foot
WL = 7,435 live load in pounds per linear foot
Bf = Bfe     Bf = 2.42 earth load bedding factor
BfLL = 1.7 live load bedding factor
S = 106/12
S = 8.83 inside span of pipe in feet 
 
 
D0.01 = 843 pounds per linear foot per foot of diameter

D0.01 =                                                                           Equation 4.27
2.42  1.7       8.83

 4,977 + 2,454     7,435     1.0  
 +

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 843 pounds per linear foot per foot of inside 
horizontal span would be required.
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EXAMPLE 4-11
Railroad Live Load

BL

H

Given: A 48 inch circular pipe is to be installed under a railroad in a 9 foot wide 
trench. The pipe will be covered with 1.0 foot of 120 pounds per cubic foot 
overfill (measured from top of pipe to bottom of ties).

Find: The required pipe strength in terms of 0.01 inch crack D-load.

 1. Determination of Earth Load (WE)
  The transition width tables do not have fill heights less than 5 ft.  

With only one foot of cover, assume an embankment condition.  An 
installation directly below the tracks such as this would probably require 
good granular soil well compacted around it to avoid settlement of the 
tracks.  Therefore assume a Type 1 Installation and multiply the soil 
prism load by a vertical arching factor of 1.35.

  

Do = 4.83  outside diameter of pipe in feet 
w = 120  unit weight of soil in pounds per cubic foot
H = 1  height of cover in feet

Do = 
12

48 + 2 (5) Note: The wall thickness for a 48-inch 
pipe with a B wall is 5-inches per ASTM C76.

PL = 120   1 +                         4.83                                 Equation 4.2               
8

4.83 (4 - π)

PL = 880 pounds per linear foot

  PL = 880 pounds per linear foot
  Immediately listed below Equation 4.2 are the vertical arching factors 

(VAFs) for the four types of Standard Installations.  Using a VAF of 1.35 
for a Type 1 Installation, the earth load is:

  

WE = 1.35 x 880
WE = 1,188  pounds per linear foot                                      Equation 4.1
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Bfe36 = 4.0
Bfe72 = 3.8

Bfe = 3.93

Bfe =
72 - 36

72 - 48 (4.0 - 3.8) + 3.8

  Weight of Fluid, WF, for a 48" pipe
  WF = gw x A

     

   

WF = 62.4 x          

WF = 784.1 pounds per linear foot

4

π (4)2

 

 2. Determination of Live Load (WL)
  From Table 56, for a 48 inch diameter concrete pipe, H = 1.0 foot, and a 

Cooper E80 design load, a live load of 13,200 pounds per linear foot is 
obtained.  This live load value includes impact.

  WL = 13,200 pounds per linear foot
 
 
 3. Selection of Bedding
  Since the pipe is in shallow cover directly under the tracks, a Type 1 

Installation will be used.

 4. Determination of Bedding Factor, (Bfe)
  a.) Determination of Embankment Bedding Factor

   The embankment bedding factor for 48 inch diameter pipe in a Type 
1 Installation may be interpolated from Illustration 4.21.

   

   
  
  b.) Determination of Live Load Bedding Factor

   From Illustration 4.24, the live load bedding factor for a 48 inch pipe 
installed under 1 foot of cover is:

   BfLL = 1.5
 
 5. Application of Factor of Safety (F.S.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be applied.

 6. Selection of Pipe Strength
  The D-load is given by Equation 4.26
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WE = 1,188 earth load in pounds per linear foot
WF = 784 fluid load in pounds per linear foot
WL = 13,200 live load in pounds per linear foot
Bf = Bfe     Bf = 3.93 earth load bedding factor
BfLL = 1.5 live load bedding factor is applicable
D = 4

D0.01 =                                                                           Equation 4.26
3.93 1.5          4

1,188 + 784.1   13,200     1.0  

D0.01 = 2,325 pounds per linear foot per foot of diameter

 +

Answer: A pipe which would withstand a minimum three-edge bearing test for 
the 0.01 inch crack of 2,326 pounds per linear foot per foot of inside 
diameter would be required.
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CHAPTER 5

SUPPLEMENTAL DATA

CIRCULAR CONCRETE PIPE
illustration 5.2 includes tables of dimensions and approximate weights of 

most frequently used types of circular concrete pipe. Weights are based on 
concrete weighing 150 pounds per cubic foot. Concrete pipe may be produced 
which conforms to the requirements of the respective specifications but with 
increased wall thickness and different concrete density.

ELLIPTICAL CONCRETE PIPE
elliptical pipe, shown in illustration 5.1, installed with the major axis horizontal 

or vertical, represents two different products from the stand-point of structural 
strength, hydraulic characteristics and type of application. illustration 5.3 includes 
the dimensions and approximate weights of elliptical concrete pipe.

Illustration 5.1 Typical Cross Sections of Horizontal Elliptical and Vertical 
Elliptical Pipe

Horizontal Elliptical (HE) Pipe. Horizontal elliptical concrete pipe is 
installed with the major axis horizontal and is extensively used for minimum 
cover conditions or where vertical clearance is limited by existing structures. it 
offers the hydraulic advantage of greater capacity for the same depth of flow than 
most other structures of equivalent water-way area. Under most embankment 
conditions, its wide span results in greater earth loadings for the same height of 
cover than for the equivalent size circular pipe and, at the same time, there is a 
reduction in effective lateral support due to the smaller vertical dimension of the 
section. earth loadings are normally greater than for the equivalent circular pipe in

R
IS

E R
IS

ESPAN

HORIZONTAL ELLIPTICAL VERTICAL ELLIPTICAL

SPAN
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Illustration 5.2 Dimensions and Approximate Weights of Concrete Pipe

These tables are based on concrete weighing 150 pounds per cubic foot and will vary with heavier 
or lighter weight concrete.

Astm C 14 - nonreinforced sewer and Culvert Pipe, Bell and spigot Joint.
 CLASS 1 CLASS 2 CLASS 3

  Minimum Approx. Minimum Approx. Minimum Approx.
 Internal Wall Weight, Wall Weight, Wall Weight,
 Diameter, Thickness, pounds Thickness, pounds Thickness, pounds
 inches inches per foot inches per foot inches per foot

 4  5/8 9.5  3/4 13  7/8 15

 6  5/8 17  3/4 20 1  24

 8  3/4 27  7/8 31 1 1/8 36

 10  7/8 37 1  42 1 1/4 50

 12 1  50 1 3/8 68 1 3/4 90

 15 1 1/4 80 1 5/8 100 1 7/8 120

 18 1 1/2 110 2  160 2 1/4 170

 21 1 3/4 160 2 1/4 210 2 3/4 260

 24 2 1/8 200 3  320 3 3/8 350

 27 3 1/4 390 3 3/4 450 3 3/4 450

 30 3 1/2 450 4 1/4 540 4 1/4 540

 33 3 3/4 520 4 1/2 620 4 1/2 620

 36 4  580 4 3/4 700 4 3/4 700

Astm C 76 - reinforced Concrete Culvert, storm Drain and sewer Pipe,  
Bell and spigot Joint.

 WALL A WALL B

 Internal Minimum Wall Approximate Minimum Wall Approximate
 Diameter, Thickness Weight, pounds Thickness, Weight,pounds
 inches inches per foot inches per foot

 12 1 3/4 90 2 110

 15 1 7/8 120 2 1/4 150

 18 2 160 2 1/2 200

 21 2 1/4 210 2 3/4 260

 24 2 1/2 270 3 330

 27 2 5/8 310 3 1/4 390

 30 2 3/4 360 3 1/2 450

American Concrete Pipe Association • www.concrete-pipe.org



 supplemental Data 85

Illustration 5.2 (Continued) Dimensions and Approximate Weights of 
Concrete Pipe

 Astm C 76 - reinforced Concrete Culvert, storm Drain and sewer Pipe,  
tongue and Groove Joints

 WALL A WALL B WALL C

  Minimum Approximate Minimum Approximate Minimum Approximate
 Internal Wall Weight, Wall Weight, Wall Weight,
 Diameter Thickness,  pounds Thickness, pounds Thickness,  pounds   
 inches inches per foot inches per foot inches per foot

 12 1 3/4 79 2  93 — —

 15 1 7/8 103 2 1/4 127 — —

 18 2 131 2 1/2 168 — —

 21 2 1/4 171 2 3/4 214 — —

 24 2 1/2 217 3  264 3 3/4 366

 27 2 5/8 255 3 1/4 322 4  420

 30 2 3/4 295 3 1/2 384 4 1/4 476

 33 2 7/8 336 3 3/4 451 4 1/2 552

 36 3 383 4  524 4 3/4 654

 42 3 1/2 520 4 1/2 686 5 1/4 811

 48 4 683 5  867 5 3/4 1011

 54 4 1/2 864 5 1/2 1068 6 1/4 1208

 60 5 1064 6  1295 6 3/4 1473

 66 5 1/2 1287 6 1/2 1542 7 1/4 1735

 72 6 1532 7  1811 7 3/4 2015

 78 6 1/2 1797 7 1/2 2100 8 1/4 2410

 84 7 2085 8  2409 8 3/4 2660

 90 7 1/2 2395 8 1/2 2740 9 1/4 3020

 96 8 2710 9  3090 9 3/4 3355

 102 8 1/2 3078 9 1/2 3480 10 1/4 3760

 108 9 3446 10  3865 10 3/4 4160
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These tables are based on concrete weighing 150 pounds per cubic foot and will vary with heavier 
or lighter weight concrete.

the trench condition, since a greater trench width is usually required for He pipe. 
For shallow cover, where live load requirements control the design, loading is 
almost identical to that for an equivalent size circular pipe with the same invert 
elevation.

Vertical Elliptical (VE) Pipe. Vertical elliptical concrete pipe is installed with 
the major axis vertical and is useful where minimum horizontal clearances are 
encountered or where unusual strength characteristics are desired. Hydraulically, 
it provides higher flushing velocities under minimum flow conditions and carries 
equal flow at a greater depth than equivalent He or circular pipe. For trench 
conditions the smaller span requires less excavation than an equivalent size 
circular pipe and the pipe is subjected to less vertical earth load due to the 
narrower trench. the structural advantages of Ve pipe are particularly applicable 
in the embankment condition where the greater height of the section increases the 
effective lateral support while the vertical load is reduced due to the smaller span.

CONCRETE ARCH PIPE
Arch pipe, as shown in illustration 5.4, is useful in minimum cover situations 

or other conditions where vertical clearance problems are encountered. it offers 
the hydraulic advantage of greater capacity for the same depth of flow than most 
other structures of equivalent water-way area. structural characteristics are 

Large sizes of Pipe tongue and Groove Joint
 Internal Internal Wall Approximate
 Diameter Diameter Thickness Weight, pounds
 Inches Feet Inches per foot

 114 9 1/2 9 1/2 3840

 120 10  10  4263

 126 10 1/2 10 1/2 4690

 132 11  11  5148

 138 11 1/2 11 1/2 5627

 144 12  12  6126

 150 12 1/2 12 1/2 6647

 156 13  13  7190

 162 13 1/2 13 1/2 7754

 168 14  14  8339

 174 14 1/2 14 1/2 8945

 180 15  15  9572

Illustration 5.2 (Continued) Dimensions and Approximate Weights of 
Concrete Pipe
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similar to those of horizontal elliptical pipe in that under similar cover conditions 
it is subject to the same field load as a round pipe with the same span. For 
minimum cover conditions where live load requirements control the design, the 
loading to which arch pipe is subjected is almost identical to that for an equivalent 
size circular pipe with the same invert elevation. illustration 5.5 includes the 
dimensions and approximate weights of concrete arch pipe.

Illustration 5.3 Dimensions and Approximate Weights of Elliptical 
Concrete Pipe

Astm C 507-reinforced Concrete elliptical Culvert,  
storm Drain and sewer Pipe

 Equivalent Minor Major Minimum Wall Water-Way Approximate
 Round Size, Axis, Axis, Thickness, Area, Weight, pounds
 inches inches inches inches square feet per foot

 18 14 23 2 3/4 1.8 195

 24 19 30 3 1/4 3.3 300

 27 22 34 3 1/2 4.1 365

 30 24 38 3 3/4 5.1 430

 33 27 42 3 3/4 6.3 475

 36 29 45 4 1/2 7.4 625

 39 32 49 4 3/4 8.8 720

 42 34 53 5  10.2 815

 48 38 60 5 1/2 12.9 1000

 54 43 68 6  16.6 1235

 60 48 76 6 1/2 20.5 1475

 66 53 83 7  24.8 1745

 72 58 91 7 1/2 29.5 2040

 78 63 98 8  34.6 2350

 84 68 106 8 1/2 40.1 2680

 90 72 113 9  46.1 3050

 96 77 121 9 1/2 52.4 3420

 102 82 128 9 3/4 59.2 3725

 108 87 136 10  66.4 4050

 114 92 143 10 1/2 74.0 4470

 120 97 151 11  82.0 4930

 132 106 166 12  99.2 5900

 144 116 180 13  118.6 7000
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Illustration 5.4 Typical Cross Section of Arch Pipe

Illustration 5.5 Dimensions and Approximate Weights of  
Concrete Arch Pipe

Astm C 506 - reinforced Concrete Arch Culvert, storm Drain and sewer Pipe
    Minimum  Approximate
 Equivalent Minimum Minimum Wall Water-Way Weight,
 Round Size, Rise, Span, Thickness,  Area,  pounds
 inches inches inches inches square feet per foot

 15 11  18  2 1/4 1.1 —

 18 13 1/2 22  2 1/2 1.65 170

 21 15 1/2 26  2 3/4 2.2 225

 24 18  28 1/2 3  2.8 320

 30 22 1/2 36 1/4 3 1/2 4.4 450

 36 26 5/8 43 3/4 4  6.4 595

 42 31 5/16 51 1/8 4 1/2 8.8 740

 48 36  58 1/2 5  11.4 880

 54 40  65  5 1/2 14.3 1090

 60 45  73  6  17.7 1320

 72 54  88  7  25.6 1840

 84 62  102  8  34.6 2520

 90 72  115  8 1/2 44.5 2750

 96 77 1/4 122  9  51.7 3110

 108 87 1/8 138  10  66.0 3850

 120 96 7/8 154  11  81.8 5040

 132 106 1/2 168 3/4 10  99.1 5220

R
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E
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Illustration 5.6 Typical Cross Section of Precast Concrete Box Sections

CONCRETE BOX SECTIONS
Precast concrete box sections, as shown in illustration 5.6, are useful in 

minimum cover and width situations or other conditions where clearance problems 
are encountered, for special waterway requirements, or designer preference. 
illustration 5.7 includes the dimensions and approximate weights of standard 
precast concrete box sections. special design precast concrete box sections may 
be produced which conform to the requirements of the respective specifications 
but in different size and cover conditions.

TWALL

SPAN

RISE

TWALL

TTOP SLAB
Symmetrical

TBOTTOM SLAB

American Concrete Pipe Association • www.concrete-pipe.org



90 Concrete Pipe Design manual

Astm C1433 - PreCAst reinForCeD ConCrete BoX seCtions

      Waterway Approx. 
    Thickness (in.)  Area Weigh†
 Span (Ft.) Rise (Ft.) Top Slab Bot. Slab Wall (Sq. Feet) (lbs/ft)
 3 2 7  6 4 5.8 830
 3 3 7  6 4 8.8 930
 4 2 7 1/2 6 5 7.7 1120
 4 3 7 1/2 6 5 11.7 1240
 4 4 7 1/2 6 5 15.7 1370
 5 3 8  7 6 14.5 1650
 5 4 8  7 6 19.5 1800
 5 5 8  7 6 24.5 1950
 6 3 8  7 7 17.3 1970
 6 4 8  7 7 23.3 2150
 6 5 8  7 7 29.3 2320
 6 6 8  7 7 35.3 2500
 7 4 8  8 8 27.1 2600
 7 5 8  8 8 34.1 2800
 7 6 8  8 8 41.1 3000
 7 7 8  8 8 48.1 3200
 8 4 8  8 8 31.1 2800
 8 5 8  8 8 39.1 3000
 8 6 8  8 8 47.1 3200
 8 7 8  8 8 55.1 3400
 8 8 8  8 8 63.1 3600
 9 5 9  9 9 43.9 3660
 9 6 9  9 9 52.9 3880
 9 7 9  9 9 61.9 4110
 9 8 9  9 9 70.9 4330
 9 9 9  9 9 79.9 4560
 10 5 10  10 10 48.6 4380
 10 6 10  10 10 58.6 4630
 10 7 10  10 10 68.6 4880
 10 8 10  10 10 78.6 5130
 10 9 10  10 10 88.6 5380
 10 10 10  10 10 98.6 5630
 11 4 11  11 11 42.3 4880
 11 6 11  11 11 64.3 5430
 11 8 11  11 11 86.3 5980
 11 10 11  11 11 108.3 6530
 11 11 11  11 11 119.3 6810
 12 4 12  12 12 46.0 5700
 12 6 12  12 12 70.0 6300
 12 8 12  12 12 94.5 6900
 12 10 12  12 12 118.0 7500
 12 12 12  12 12 142.0 8100

Illustration 5.7 Dimensions and Approximate Weights of  
Concrete Box Sections
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SPECIAL SECTIONS

Precast Concrete Manhole Sections. Precast manholes offer significant 
savings in installed cost over cast-in-place concrete, masonry or brick manholes 
and are universally accepted for use in sanitary or storm sewers. Precast, 
reinforced concrete manhole sections are available throughout the United states 
and Canada, and are generally manufactured in accordance with the provisions of 
American society for testing and materials standard C 478.

the typical precast concrete manhole as shown in illustration 5.8 consists 
of riser sections, a top section and grade rings and, in many cases, precast base 
sections or tee sections. the riser sections are usually 48 inches in diameter, but 
are available from 36 inches up to 72 inches and larger. they are of circular cross 
section, and a number of sections may be joined vertically on top of the base or 
junction chamber. most precast manholes employ an eccentric or a concentric 
cone section instead of a slab top. these reinforced cone sections affect the 
transition from the inside diameter of the riser sections to the specified size of 
the top opening. Flat slab tops are normally used for very shallow manholes 
and consist of a reinforced circular slab at least 6-inches thick for risers up to 48 
inches in diameter and 8-inches thick for larger riser sizes. the slab which rests 
on top of the riser sections is cast with an access opening.

Precast grade rings, which are placed on top of either the cone or flat slab top 
section, are used for close adjustment of top elevation. Cast iron manhole cover 
assemblies are normally placed on top of the grade rings.

the manhole assembly may be furnished with or without steps inserted 
into the walls of the sections. reinforcement required by Astm standard C 
478 is primarily designed to resist handling stresses incurred before and during 
installation, and is more than adequate for that purpose. such stresses are more 
severe than those encountered in the vertically installed manhole. in normal 
installations, the intensity of the earth loads transmitted to the manhole risers is 
only a fraction of the intensity of the vertical pressure.

the maximum allowable depth of a typical precast concrete manhole with 
regard to lateral earth pressures is in excess of 300 feet or, for all practical 
purposes, unlimited, Because of this, the critical or limiting factor for manhole 
depth is the supporting strength of the base structure or the resistance to crushing 
of the ends of the riser section. this phenomena, being largely dependent on 
the relative settlement of the adjacent soil mass, does not lend itself to precise 
analysis. even with extremely conservative values for soil weights, lateral 
pressure and friction coefficients, it may be concluded several hundred feet can 
be safely supported by the riser sections without end crushing, based on the 
assumption that provision is made for uniform bearing at the ends of the riser 
sections and the elimination of localized stress concentrations.
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Illustration 5.8 Typical Configuration of Precast Manhole Sections
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When confronted with manhole depths greater than those commonly 
encountered, there may be a tendency to specify additional circumferential 
reinforcement in the manhole riser sections. such requirements are completely 
unnecessary and only result in increasing the cost of the manhole structure.

A number of joint types may be used for manhole risers and tops, including 
mortar, mastic, rubber gaskets or combinations of these three basic types for 
sealing purposes. Consideration should be given to manhole depth, the presence 
of groundwater and the minimum allowable leakage rates in the selection of 
specific joint requirements.

Flat Base Pipe. Flat base pipe as shown in illustration 5.9 has been used as 
cattle passes, pedestrian underpasses and utility tunnels. it is normally furnished 
with joints designed for use with mortar or mastic fillers and may be installed by 
the conventional open trenching method or by jacking.

Although not covered by any existing national specification, standard designs 
have been developed by various manufacturers which are appropriate for a wide 
range of loading conditions.

Illustration 5.9 Typical Cross Sections of Flat Base Pipe

STANDARD SPECIFICATIONS FOR CONCRETE PIPE
nationally accepted specifications covering concrete pipe along with the 

applicable size ranges and scopes of the individual specifications are included in 
the following list.

AMERICAN SOCIETY FOR TESTING AND MATERIALS (ASTM)

Astm C 14 Concrete sewer, storm Drain and Culvert Pipe: Covers 
nonreinforced concrete pipe intended to be used for the 
conveyance of sewage, industrial wastes, storm water, and for the 
construction of culverts in sizes from 4 inches through 36 inches in 
diameter.
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Astm C 76 reinforced Concrete Culvert, storm Drain, and sewer Pipe: 
Covers reinforced concrete pipe intended to be used for the 
conveyance of sewage, industrial wastes, and storm waters, and 
for the construction of culverts. Class i - 60 inches through 144 
inches in diameter; Class ii, iii, iV and V - 12 inches through 144 
inches in diameter. Larger sizes and higher classes are available 
as special designs.

Astm C 118 Concrete Pipe for irrigation or Drainage: Covers concrete pipe 
intended to be used for the conveyance of irrigation water under 
low hydrostatic heads, generally not exceeding 25 feet, and for use 
in drainage in sizes from 4 inches through 24 inches in diameter.

Astm C 361 reinforced Concrete Low-Head Pressure Pipe: Covers reinforced 
concrete pipe intended to be used for the construction of pressure 
conduits with low internal hydrostatic heads generally not 
exceeding 125 feet in sizes from 12 inches through 108 inches in 
diameter.

Astm C 412 Concrete Drain tile: Covers nonreinforced concrete drain tile with 
internal diameters from 4 inches to 24 inches for standard Quality, 
and 4 inches to 36 inches for extra-Quality, Heavy-Duty extra-
Quality and special Quality Concrete Drain tile.

Astm C 443 Joints for Circular Concrete sewer and Culvert Pipe, with rubber 
Gaskets: Covers joints where infiltration or exfiltration is a factor in 
the design, including the design of joints and the requirements for 
rubber gaskets to be used therewith for pipe conforming in all other 
respects to Astm C 14 or Astm C 76.

Astm C 444 Perforated Concrete Pipe: Covers perforated concrete pipe 
intended to be used for underdrainage in sizes 4 inches and larger.

Astm C 478 Precast reinforced Concrete manhole sections: Covers precast 
reinforced concrete manhole risers, grade rings and tops to be 
used to construct manholes for storm and sanitary sewers. 

Astm C 497 standard test methods for Concrete Pipe, manhole sections, or 
tile: Covers procedures for testing concrete pipe and tile.

Astm C 505 nonreinforced Concrete irrigation Pipe With rubber Gasket Joints: 
Covers pipe to be used for the conveyance of irrigation water with 
working pressures, including hydraulic transients, of up to 30 feet 
of head. Higher pressures may be used up to a maximum of 50 
feet for 6 inch through 12 inch diameters, and 40 feet for 15 inch 
through 18 inch diameters by increasing the strength of the pipe.
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Astm C 506 reinforced Concrete Arch Culvert, storm Drain, and sewer Pipe: 
Covers pipe to be used for the conveyance of sewage, industrial 
waste, and storm water and for the construction of culverts in sizes 
from 15 inch through 132 inch equivalent circular diameter. Larger 
sizes are available as special designs.

Astm C 507 reinforced Concrete elliptical Culvert, storm Drain, and sewer 
Pipe: Covers reinforced elliptically shaped concrete pipe to be 
used for the conveyance of sewage, industrial waste and storm 
water, and for the construction of culverts. Five standard classes 
of horizontal elliptical, 18 inches through 144 inches in equivalent 
circular diameter and five standard classes of vertical elliptical, 
36 inches through 144 inches in equivalent circular diameter are 
included. Larger sizes are available as special designs.

Astm C 655 reinforced Concrete D-load Culvert, storm Drain and sewer Pipe: 
Covers acceptance of pipe design and production pipe based 
upon the D-load concept and statistical sampling techniques for 
concrete pipe to be used for the conveyance of sewage, industrial 
waste and storm water and construction of culverts.

Astm C 822 standard Definitions and terms relating to Concrete Pipe and 
related Products: Covers words and terms used in concrete pipe 
standards.

Astm C 877 external sealing Bands for nonCircular Concrete sewer, storm 
Drain and Culvert Pipe: Covers external sealing bands to be used 
for noncircular pipe conforming to Astm C 506, C 507, C 789 and 
C 850.

Astm C 923 resilient Connectors Between reinforced Concrete manhole 
structures and Pipes: Covers the minimum performance and 
material requirements for resilient connections between pipe and 
reinforced concrete manholes conforming to Astm C 478.

Astm C 924 testing Concrete Pipe sewer Lines by Low-Pressure Air test 
method: Covers procedures for testing concrete pipe sewer lines 
when using the low-pressure air test method to demonstrate the 
integrity of the installed material and construction procedures.

Astm C 969 infiltration and exfiltration Acceptance testing of installed Precast 
Concrete Pipe sewer Lines: Covers procedures for testing 
installed precast concrete pipe sewer lines using either water 
infiltration or exfiltration acceptance limits to demonstrate the 
integrity of the installed materials and construction procedure.
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Astm C 985 nonreinforced Concrete specified strength Culvert, storm Drain, 
and sewer Pipe: Covers nonreinforced concrete pipe designed for 
specified strengths and intended to be used for the conveyance of 
sewage, industrial wastes, storm water, and for the construction of 
culverts.

Astm C 990 Joints for Concrete Pipe, manholes, and Precast Box sections
 Using Preformed Flexible sealants: Covers joints for precast 

concrete pipe, box, and other sections using preformed flexible 
joint sealants for use in storm sewers and culverts which are not 
intended to operate under internal pressure, or are not subject to 
infiltration or exfiltration limits.

Astm C 1103 Joint Acceptance testing of installed Precast Concrete Pipe sewer
 Lines: Covers procedures for testing the joints of installed precast 

concrete pipe sewer lines, when using either air or water under low 
pressure to demonstrate the integrity of the joint and construction 
procedure.

Astm C 1131 Least Cost (Life Cycle) Analysis of Concrete Culvert, storm
 sewer, and sanitary sewer systems: Covers procedures for least 

cost (life cycle) analysis (LCA) of materials, systems, or structures 
proposed for use in the construction of concrete culvert, storm 
sewer and sanitary sewer systems.

Astm C 1214 test method for Concrete Pipe sewerlines by negative Air
 Pressure (Vacuum) test method: Covers procedures for testing 

concrete pipe sewerlines, when using the negative air pressure 
(vacuum) test method to demonstrate the integrity of the installed 
material and the construction procedures.

Astm C 1244 test method for Concrete sewer manholes by the negative Air
 Pressure (Vacuum) test: Covers procedures for testing precast 

concrete manhole sections when using the vacuum test method 
to demonstrate the integrity of the installed materials and the 
construction procedures.

Astm C 1417 manufacture of reinforced Concrete sewer, storm Drain, and
 Culvert Pipe for Direct Design: Covers the manufacture and
 acceptance of precast concrete pipe designed to conform to the
 owner’s design requirements and to AsCe 15-93 (Direct Design
 standard) or an equivalent design specification.

Astm C 1433 Precast reinforced Concrete Box sections for Culverts, storm
 Drains, and sewers: Covers single-cell precast reinforced concrete
 box sections intended to be used for the construction of culverts 
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for the conveyance of storm water and industrial wastes and 
sewage.

AMERICAN ASSOCIATION OF STATE HIGHWAY AND 
TRANSPORTATION OFFICIALS (AASHTO)

AAsHto m 86 Concrete sewer, storm Drain, and Culvert Pipe: similar to 
Astm C 14.

AAsHto m 170 reinforced Concrete Culvert, storm Drain, and sewer Pipe: 
similar to Astm C 76.

AAsHto m 175 Perforated Concrete Pipe: similar to Astm C 444.

AAsHto m 178 Concrete Drain tile: similar to Astm C 412.

AAsHto m 198 Joints for Circular Concrete sewer and Culvert Pipe, Using 
Flexible Watertight Gaskets: similar to Astm C 990.

AAsHto m 199 Precast reinforced Concrete manhole sections: similar to 
Astm C 478.

AAsHto m 206 reinforced Concrete Arch Culvert, storm Drain, and sewer 
Pipe: similar to Astm C 506.

AAsHto m 207 reinforced Concrete elliptical Culvert, storm Drain, and sewer 
Pipe: similar to Astm C 507.

AAsHto m 242 reinforced Concrete D-Load Culvert, storm Drain, and sewer 
Pipe: similar to Astm C 655.

AAsHto m 259 Precast reinforced Concrete Box sections for Culverts, storm 
Drains and sewers: similar to Astm C 789.

AAsHto m 262 Concrete Pipe and related Products: similar to Astm C 882.

AAsHto m 273 Precast reinforced Box section for Culverts, storm Drains, 
and sewers with less than 2 feet of Cover subject to Highway 
Loadings: similar to Astm C 850.

AAsHto t 280 methods of testing Concrete Pipe, sections, or tile: similar to 
Astm C 497.

AAsHto m 315 Joints for Circular Concrete sewer and Culvert Pipe, Using 
rubber Gaskets: similar to Astm C 443.
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PIPE JOINTS

Pipe joints perform a variety of functions depending upon the type of pipe 
and its application. to select a proper joint, determine which of the following 
characteristics are pertinent and what degree of performance is acceptable.

Joints are designed to provide:
1. resistance to infiltration of ground water and/or backfill material.
2. resistance to exfiltration of sewage or storm water.
3. Control of leakage from internal or external heads.
4. Flexibility to accommodate lateral deflection or longitudinal movement 

without creating leakage problems.
5. resistance to shear stresses between adjacent pipe sections without 

creating leakage problems.
6. Hydraulic continuity and a smooth flow line.
7. Controlled infiltration of ground water for subsurface drainage.
8. ease of installation.

the actual field performance of any pipe joint depends primarily upon 
the inherent performance characteristics of the joint itself, the severity of the 
conditions of service, and the care with which it is installed.

since economy is important, it is usually necessary to compare the installed 
cost of several types of joints against pumping and treatment costs resulting from 
increased or decreased amounts of infiltration.

the concrete pipe industry utilizes a number of different joints, listed below, 
to satisfy a broad range of performance requirements. these joints vary in cost, 
as well as in inherent performance characteristics. the field performance of all is 
dependent upon proper installation procedures.

• Concrete surfaces, either bell and spigot or tongue and groove, with some 
packing such as cement mortar, a preformed mastic compound, or a trowel 
applied mastic compound, as shown in illustration 5.10. these joints have 
no inherent watertightness but depend exclusively upon the workmanship 
of the contractor. Field poured concrete diapers or collars are sometimes 
used with these joints to improve performance. Joints employing mortar 
joint fillers are rigid, and any deflection or movement after installation will 
cause cracks permitting leakage. if properly applied, mastic joint fillers 
provide a degree of flexibility without impairing watertightness. these joints 
are not generally recommended for any internal or external head conditions 
if leakage is an important consideration. Another jointing system used with 
this type joint is the external sealing band type rubber gasket conforming 
to Astm C 877. Generally limited to straight wall and modified tongue 
and groove configurations, this jointing system has given good results in 
resisting external heads of the magnitude normally encountered in sewer 
construction.
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Illustration 5.10 Typical Cross Sections of Joints With Mortar or Mastic 
Packing

• Concrete surfaces, with or without shoulders on the tongue or the groove, 
with a compression type rubber gasket as shown in illustration 5.11. 
Although there is wide variation in joint dimensions and gasket cross 
section for this type joint, most are manufactured in conformity with Astm 
C 443. this type joint is primarily intended for use with pipe manufactured 
to meet the requirements of Astm C 14 or Astm C 76 and may be used 
with either bell and spigot or tongue and groove pipe. 

Illustration 5.11 Typical Cross Sections of Basic Compression Type Rubber 
Gasket Joints

• Concrete surfaces with opposing shoulders on both the bell and spigot for 
use with an 0-ring, or circular cross section, rubber gasket as shown in 
illustration 5.12. Basically designed for low pressure capability, these joints 
are frequently used for irrigation lines, waterlines, sewer force mains, and 
gravity or low head sewer lines where infiltration or exfiltration is a factor 
in the design. meeting all of the requirements of Astm C 443, these type 
joints are also employed with pipe meeting the requirements of Astm C 
361. they provide good inherent watertightness in both the straight and 
deflected positions, which can be demonstrated by plant tests.

MORTOR PACKING MASTIC PACKING
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Illustration 5.12 Typical Cross Sections of Opposing Shoulder Type Joint 
With 0-ring Gasket

• Concrete surfaces with a groove on the spigot for an 0-ring rubber gasket, 
as shown in illustration 5.13. Also referred to as a confined 0-ring type joint, 
these are designed for low pressure capabilities and are used for irrigation 
lines, water lines, sewer force mains, and sewers where infiltration or 
exfiltration is a factor in the design. this type joint, which provides excellent 
inherent watertightness in both the straight and deflected positions, may be 
employed to meet the joint requirements of Astm C 443 and Astm C 361.

Illustration 5.13 Typical Cross Section of Spigot Groove Type Joint  
With 0-ring Gasket

• Steel bell and spigot rings with a groove on the spigot for an 0-ring rubber 
gasket, as shown in illustration 5.14. Basically a high pressure joint 
designed for use in water transmission and distribution lines, these are also 
used for irrigation lines, sewer force mains, and sewers where infiltration 
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or exfiltration is a factor in the design. this type of joint will meet the joint 
requirements of Astm C 443 and Astm C 361. Combining great shear 
strength and excellent inherent watertightness and flexibility, this type joint 
is the least subject to damage during installation.

Illustration 5.14 Typical Cross Section of Steel End Ring Joint With Spigot 
Groove and 0-ring Gasket

since both field construction practices and conditions of service are subject to 
variation, it is impossible to precisely define the field performance characteristics 
of each of the joint types. Consultation with local concrete pipe manufacturers will 
provide information on the availability and cost of the various joints. Based on this 
information and an evaluation of groundwater conditions, the specifications should 
define allowable infiltration or exfiltration rates and/or the joint types which are 
acceptable.

JACKING CONCRETE PIPE

Concrete pipelines were first jacked in place by the northern Pacific railroad 
between 1896 and 1900. in more recent years, this technique has been applied to 
sewer construction where intermediate shafts along the line of the sewer are used 
as jacking stations.

reinforced concrete pipe as small as 18-inch inside diameter and as large as 
132-inch inside diameter have been installed by jacking.

Required Characteristics of Concrete Jacking Pipe. two types of loading 
conditions are imposed on concrete pipe installed by the jacking method; the axial 
load due to the jacking pressures applied during installation, and the earth loading 
due to the overburden, with some possible influence from live loadings, which will 
generally become effective only after installation is completed.

it is necessary to provide for relatively uniform distribution of the axial load 
around the periphery of the pipe to prevent localized stress concentrations. this is 
accomplished by keeping the pipe ends parallel within the tolerances prescribed 
by Astm C 76, by using a cushion material, such as plywood or hardboard, 
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between the pipe sections, and by care on the part of the contractor to insure 
that the jacking force is properly distributed through the jacking frame to the pipe 
and parallel with the axis of the pipe. the cross sectional area of the concrete 
pipe wall is more than adequate to resist pressures encountered in any normal 
jacking operation. For projects where extreme jacking pressures are anticipated 
due to long jacking distances or excessive unit frictional forces, higher concrete 
compressive strength may be required, along with greater care to avoid bearing 
stress concentrations. Little or no gain in axial crushing resistance is provided by 
specifying a higher class of pipe.

For a comprehensive treatment of earth loads on jacked pipe see Chapter 
4. the earth loads on jacked pipe are similar to loads on a pipe installed in a 
trench with the same width as the bore with one significant difference. in a jacked 
pipe installation the cohesive forces within the soil mass in most instances are 
appreciable and tend to reduce the total vertical load on the pipe. thus the vertical 
load on a jacked pipe will always be less than on a pipe in a trench installation 
with the same cover and, unless noncohesive materials are encountered, can be 
substantially less.

With the proper analysis of loadings and selection of the appropriate strength 
class of pipe, few additional characteristics of standard concrete pipe need be 
considered. Pipe with a straight wall, without any increase in outside diameter at 
the bell or groove, obviously offers fewer problems and minimizes the required 
excavation. Considerable quantities of modified tongue and groove pipe have 
been jacked, however, and presented no unusual problems.

The Jacking Method. the usual procedure in jacking concrete pipe is to 
equip the leading edge with a cutter, or shoe, to protect the pipe. As succeeding 
lengths of pipe are added between the lead pipe and the jacks, and the pipe 
jacked forward, soil is excavated and removed through the pipe. material is 
trimmed with care and excavation does not precede the jacking operation more 
than necessary. such a procedure usually results in minimum disturbance of the 
natural soils adjacent to the pipe.

Contractors occasionally find it desirable to coat the outside of the pipe with a 
lubricant, such as bentonite, to reduce the frictional resistance. in some instances, 
this lubricant has been pumped through special fittings installed in the wall of the 
pipe.

Because of the tendency of jacked pipe to “set” when forward movement is 
interrupted for as long as a few hours, resulting in significantly increased frictional 
resistance, it is desirable to continue jacking operations until completed.

in all jacking operations it is important that the direction of jacking be 
carefully established prior to beginning the operation. this requires the erection 
of guide rails in the bottom of the jacking pit or shaft. in the case of large pipe, it 
is desirable to have such rails carefully set in a concrete slab. the number and 
capacity of the jacks required depend primarily upon the size and length of the 
pipe to be jacked and the type of soil encountered.
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Illustration 5.15 Steps in Jacking Concrete Pipe

1. Pits are excavated on 
each side. The jacks will 
bear against the back of 
the left pit so a steel or 
wood abutment is added 
for reinforcement. A 
simple track is added to 
guide the concrete pipe 
section. The jack(s) are 
positioned in place on 
supports.

2. A section of concrete 
pipe is lowered into the 
pit.

3. The jack(s) are operated 
pushing the pipe section 
forward.

4. The jack ram(s) are 
retracted and a “spacer” is 
added between the jack(s)  
and pipe.

5. The jack(s) are operated 
and the pipe is pushed 
forward again.

6. It may become 
necessary to repeat the 
above steps 4 and 5 
several times until the 
pipe is pushed forward 
enough to allow room for 
the next section of pipe. 
It is extremely important, 
therefore, that the strokes 
of the jacks be as long 
as possible to reduce 
the number of spacers 
required and thereby 
reduce the amount of 
time and cost. The ideal 
situation would be to have 
the jack stroke longer than 
the pipe to completely 
eliminate the need for 
spacers.

7. The next section of pipe 
is lowered into the pit and 
the above steps repeated. 
The entire process above 
is repeated until the 
operation is complete.
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Backstops for the jacks must be strong enough and large enough to distribute 
the maximum capacity of the jacks against the soil behind the backstops. A typical 
installation for jacking concrete pipe is shown in illustration 5.15.

BENDS AND CURVES

Changes in direction of concrete pipe sewers are most commonly effected at 
manhole structures. this is accomplished by proper location of the inlet and outlet 
openings and finishing of the invert in the structure to reflect the desired angular 
change of direction.

in engineering both grade and alignment changes in concrete pipelines it is 
not always practical or feasible to restrict such changes to manhole structures. 
Fortunately there are a number of economical alternatives.

Deflected Straight Pipe. With concrete pipe installed in straight alignment 
and the joints in a home (or normal) position, the joint space, or distance between 
the ends of adjacent pipe sections, will be essentially uniform around the 
periphery of the pipe. starting from this home position any joint may be opened up 
to a maximum permissible joint opening on one side while the other side remains 
in the home position. the difference between the home and opened joint space is 
generally designated as the pull. this maximum permissible opening retains some 
margin between it and the limit for satisfactory function of the joint. it varies for 
different joint configurations and is best obtained from the pipe manufacturer.

opening a joint in this manner effects an angular deflection of the axis of the 
pipe, which, for any given pull is a function of the pipe diameter. thus, given the 
values of any two of the three factors; pull, pipe diameter, and deflection angle, 
the remaining factor may be readily calculated.

the radius of curvature which may be obtained by this method is a function 
of the deflection angle per joint and the length of the pipe sections. thus, longer 
lengths of pipe will provide a longer radius for the same pull than would be 
obtained with shorter lengths.the radius of curvature is computed by the equation:

R  = L

N
∆2(tan 1/2 x     )

where:
r = radius of curvature, feet
L = Average laid length of pipe sections measured along the centerline, feet
∆ = total deflection angle of curve, degrees
n = number of pipe with pulled joints
∆ = total deflection of each pipe, degrees
n
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Using the deflected straight pipe method, illustration 5.16 shows that the P.C. 
(point of curve) will occur at the midpoint of the last undeflected pipe and the P.t. 
(point of tangent) will occur at the midpoint of the last pulled pipe.

Illustration 5.16 Curved Alignment Using Deflected Straight Pipe

Radius Pipe. sharper curvature with correspondingly shorter radii can be 
accommodated with radius pipe than with deflected straight pipe. this is due to 
the greater deflection angle per joint which may be used. in this case the pipe 
is manufactured longer on one side than the other and the deflection angle is 
built in at the joint. Also referred to as bevelled or mitered pipe, it is similar in 
several respects to deflected straight pipe. thus, shorter radii may be obtained 
with shorter pipe lengths; the maximum angular deflection which can be obtained 
at each joint is a function of both the pipe diameter and a combination of the 
geometric configuration of the joint and the method of manufacture.

these last two factors relate to how much shortening or drop can be applied 
to one side of the pipe. the maximum drop for any given pipe is best obtained 
from the manufacturer of the pipe since it is based on manufacturing feasibility.

the typical alignment problem is one in which the total ∆ angle of the curve 
and the required radius of curvature have been determined. the diameter and 
direction of laying of the pipe are known. to be determined is whether the curve 
can be negotiated with radius pipe and, if so, what combination of pipe lengths 
and drop are required. information required from the pipe manufacturer is the 
maximum permissible drop, the wall thicknesses of the pipe and the standard 
lengths in which the pipe is available. Any drop up to the maximum may be used 
as required to fit the curve.

Values obtained by the following method are approximate, but are within a 
range of accuracy that will permit the pipe to be readily installed to fit the required 
alignment.
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the tangent of the deflection angle, n
∆

 required at each joint is computed by 
the equation:

 
tan     = L

N
∆

R + D/2 + t

 where:
 ∆ = total deflection angle of curve, degrees
 n = number of radius pipe
 L = the standard pipe length being used, feet
 r = radius of curvature, feet
 D = inside diameter of the pipe, feet
 t = Wall thickness of the pipe, feet

 the required drop in inches to provide the deflection angle, n
∆

  computed
 by the equation:

Drop = 12(D + 2t) tan
N
∆

the number of pieces of radius pipe required is equal to the length of the 
circular curve in feet divided by the centerline length of the radius pipe  
(L - 1/2 Drop). minor modifications in the radius are normally made so this quotient 
will be a whole number.

if the calculated drop exceeds the maximum permissible drop, it will be 
necessary to either increase the radius of curvature or to use shorter pipe lengths. 
otherwise special fittings must be used as covered in the next section.

it is essential that radius pipe be oriented such that the plane of the dropped 
joint is at right angles to the theoretical circular curve. For this reason lifting holes 
in the pipe must be accurately located, or, if lifting holes are not provided, the top 
of the pipe should be clearly and accurately marked by the manufacturer so that 
the deflection angle is properly oriented.

it should also be noted that a reasonable amount of field adjustment is 
possible by pulling the radius pipe joints in the same manner as with deflected 
straight pipe.
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Illustration 5.17  Curved Alignment Using Radius Pipe

As indicated in illustration 5.17, the P.C. (point of curve) falls at the midpoint 
of the last straight pipe and the P.t. (point of tangent) falls one half of the standard 
pipe length back from the straight end of the last radius pipe. to assure that the 
P.C. will fall at the proper station it is generally necessary that a special short 
length of pipe be installed in the line, ahead of the P.C.

Bends and Special Sections. extremely short radius curves cannot be 
negotiated with either deflected straight pipe or with conventional radius pipe. 
several alternatives are available through the use of special precast sections to 
solve such alignment problems.

sharper curves can be handled by using special short lengths of radius pipe 
rather than standard lengths. these may be computed in accordance with the 
methods discussed for radius pipe.

Certain types of manufacturing processes permit the use of a dropped joint 
on both ends of the pipe, which effectively doubles the deflection. special bends, 
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or elbows can be manufactured to meet any required deflection angle and some 
manufacturers produce standard bends which provide given angular deflection 
per section.

one or more of these methods may be employed to meet the most severe 
alignment problems. since manufacturing processes and local standards 
vary, local concrete pipe manufacturers should be consulted to determine the 
availability and geometric configuration of special sections.

SIGNIFICANCE OF CRACKING

the occurrence, function and significance of cracks have probably been the 
subject of more misunderstanding and unnecessary concern by engineers than 
any other phenomena related to reinforced concrete pipe.

reinforced concrete pipe, like reinforced concrete structures in general, 
are made of concrete reinforced with steel in such a manner that the high 
compressive strength of the concrete is balanced by the high tensile strength 
of the steel. in reinforced concrete pipe design, no value is given to the tensile 
strength of the concrete. the tensile strength of the concrete, however, is 
important since all parts of the pipe are subject to tensile forces at some time 
subsequent to manufacture. When concrete is subjected to tensile forces in 
excess of its tensile strength, it cracks.

Unlike most reinforced concrete structures, reinforced concrete sewer and 
culvert pipe is designed to meet a specified cracking load rather than a specified 
stress level in the reinforcing steel. this is both reasonable and conservative since 
reinforced concrete pipe may be pretested in accordance with detailed national 
specifications.

in the early days of the concrete pipe industry, the first visible crack observed 
in a three-edge bearing test was the accepted criterion for pipe performance. 
However, the observation of such cracks was subject to variations depending 
upon the zeal and eyesight of the observer. the need soon became obvious 
for a criterion based on a measurable crack of a specified width. eventually the 
0.01-inch crack, as measured by a feeler gage of a specified shape, became the 
accepted criterion for pipe performance.

the most valid basis for selection of a maximum allowable crack width is 
the consideration of exposure and potential corrosion of the reinforcing steel. 
if a crack is sufficiently wide to provide access to the steel by both moisture 
and oxygen, corrosion will be initiated. oxygen is consumed by the oxidation 
process and in order for corrosion to be progressive there must be a constant 
replenishment.

Bending cracks are widest at the surface and get rapidly smaller as they 
approach the reinforcing steel. Unless the crack is wide enough to allow 
circulation of the moisture and replenishment of oxygen, corrosion is unlikely. 
Corrosion is even further inhibited by the alkaline environment resulting from the 
cement.
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While cracks considerably in excess of 0.01-inch have been observed 
after a period of years with absolutely no evidence of corrosion, 0.01-inch is 
a conservative and universally accepted maximum crack width for design of 
reinforced concrete pipe.

• Reinforced concrete pipe is designed to crack. Cracking under load 
indicates that the tensile stresses have been transferred to the reinforcing 
steel.

• A crack 0.01-inch wide does not indicate structural distress and is not 
harmful.

• Cracks much wider than 0.01-inch should probably be sealed to insure 
protection of the reinforcing steel.

• An exception to the above occurs with pipe manufactured with greater than 
1 inch cover over the reinforcing steel. in these cases acceptable crack 
width should be increased in proportion to the additional concrete cover.
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Table 15
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Table 16

 
5 

3.
8 

3.
9 

3.
9 

4.
0 

3.
7 

3.
8 

3.
8 

4.
0 

3.
6 

3.
8 

3.
8 

3.
9 

3.
6 

3.
7 

3.
7 

3.
8

 
6  

3.
9  

4.
0  

4.
0  

4.
1  

3.
8  

3.
9  

3.
9  

4.
1  

3.
7  

3.
9  

3.
9  

4.
0  

3.
6  

3.
8  

3.
8  

3.
9

 
7  

4.
0  

4.
1  

4.
1  

4.
2  

3.
9  

4.
1  

4.
1  

4.
2  

3.
8  

3.
9  

3.
9  

4.
1  

3.
7  

3.
8  

3.
8  

4.
0

 
8 

4.
1 

4.
2 

4.
2 

4.
4 

4.
0 

4.
2 

4.
2 

4.
3 

3.
9 

4.
0 

4.
0 

4.
2 

3.
8 

3.
9 

3.
9 

4.
0

 
9 

4.
2 

4.
4 

4.
4 

4.
5 

4.
1 

4.
3 

4.
3 

4.
4 

4.
0 

4.
1 

4.
1 

4.
3 

3.
9 

4.
0 

4.
0 

4.
1

 
10

 
4.

3 
4.

5 
4.

5 
4.

6 
4.

2 
4.

4 
4.

4 
4.

5 
4.

1 
4.

2 
4.

2 
4.

3 
4.

0 
4.

1 
4.

1 
4.

2
 

1 1
 

4.
4  

4.
6  

4.
6  

4.
7  

4.
3  

4.
5  

4.
5  

4.
6  

4.
2  

4.
3  

4.
3  

4.
4  

4.
0  

4.
2  

4.
2  

4.
3

 
1 2

 
4.

5  
4.

7  
4.

7  
4.

8  
4.

4  
4.

6  
4.

6  
4.

7  
4.

3  
4.

4  
4.

4  
4.

5  
4.

1  
4.

2  
4.

2  
4.

4
 

13
 

4.
6 

4.
8 

4.
8 

4.
9 

4.
5 

4.
6 

4.
6 

4.
8 

4.
4 

4.
5 

4.
5 

4.
6 

4.
2 

4.
3 

4.
3 

4.
4

 
1 4

 
4.

7  
4.

9  
4.

9  
5.

0  
4.

6  
4.

7  
4.

7  
4.

9  
4.

4  
4.

6  
.4

6  
4.

7  
4.

3  
4.

4  
4.

4  
4.

5
 

15
 

4.
8 

5.
0 

5.
0 

5.
1 

4.
7 

4.
8 

4.
8 

5.
0 

4.
5 

4.
6 

4.
6 

4.
8 

4.
3 

4.
5 

4.
5 

4.
6

 
16

 
4.

9 
5.

1 
5.

1 
5.

2 
4.

8 
4.

9 
4.

9 
5.

0 
4.

6 
4.

7 
4.

7 
4.

8 
4.

4 
4.

5 
4.

5 
4.

6
 

17
 

5.
0 

5.
2 

5.
2 

5.
3 

4.
9 

5.
0 

5.
0 

5.
1 

4.
7 

4.
8 

4.
8 

4.
9 

4.
5 

4.
6 

4.
6 

4.
7

 
18

 
5.

1 
5.

2 
5.

2 
5.

4 
5.

0 
5.

1 
5.

1 
5.

2 
4.

8 
4.

9 
4.

9 
5.

0 
4.

5 
4.

7 
4.

7 
4.

8
 

1 9
 

5.
2  

5.
3  

5.
3  

5.
5  

5.
1  

5.
2  

5.
2  

5.
3  

4.
8  

5.
0  

5.
0  

5.
1  

4.
6  

4.
7  

4.
7  

4.
9

 
20

 
5.

3 
5.

4 
5.

4 
5.

6 
5.

1 
5.

3 
5.

3 
5.

4 
4.

9 
5.

0 
5.

0 
5.

2 
4.

7 
4.

8 
4.

8 
4.

9
 

21
 

5.
4 

5.
5 

5.
5 

5.
6 

5.
2 

5.
3 

5.
3 

5.
5 

5.
0 

5.
1 

5.
1 

5.
2 

4.
7 

4.
9 

4.
9 

5.
0

 
22

 
5.

5 
5.

6 
5.

6 
5.

7 
5.

3 
5.

4 
5.

4 
5.

6 
5.

1 
5.

2 
5.

2 
5.

3 
4.

8 
4.

9 
4.

9 
5.

1
 

23
 

5.
5 

5.
7 

5.
7 

5.
8 

5.
4 

5.
5 

5.
5 

5.
6 

5.
1 

5.
3 

5.
3 

5.
4 

4.
9 

5.
0 

5.
0 

5.
1

 
24

 
5.

6  
5.

8  
5.

8  
5.

9  
5.

4  
5.

6  
5.

6  
5.

7  
5.

2  
5.

3  
5.

3  
5.

5  
4.

9  
5.

1  
5.

1  
5.

2
 

25
 

5.
7 

5.
8 

5.
8 

6.
0 

5.
5 

5.
7 

5.
7 

5.
8 

5.
3 

5.
4 

5.
4 

5.
5 

5.
0 

5.
1 

5.
1 

5.
2

 
26

 
5.

8  
5.

9  
5.

9  
6.

1  
5.

6  
5.

7  
5.

7  
5.

9  
5.

3  
5.

5  
5.

5  
5.

6  
5.

1  
5.

2  
5.

2  
5.

3
 

27
 

5.
9 

6.
0 

6.
0 

6.
1 

5.
7 

5.
8 

5.
8 

5.
9 

5.
4 

5.
5 

5.
5 

5.
7 

5.
1 

5.
2 

5.
2 

5.
4

 
28

 
6.

0 
6.

1 
6.

1 
6.

2 
5.

7 
5.

9 
5.

9 
6.

0 
5.

5 
5.

6 
5.

6 
5.

7 
5.

2 
5.

3 
5.

3 
5.

4
 

29
 

6.
0  

6.
2  

6.
2  

6.
3  

5.
8  

6.
0  

6.
0  

6.
1  

5.
5  

5.
7  

5.
7  

5.
8  

5.
2  

5.
4  

5.
4  

5.
5

 
30

 
6.

0 
6.

2 
6.

2 
6.

3 
5.

8 
6.

0 
6.

0 
6.

1 
5.

5 
5.

7 
5.

7 
5.

8 
5.

2 
5.

4 
5.

4 
5.

5

 
Tr

an
si

ti
o

n
 W

id
th

s 
(F

T
) 

 
K

u’
 =

 0
.1

65
 

K
u’

 =
 0

.1
50

 
K

u’
 =

 0
.1

30
 

K
u’

 =
 0

.1
10

 
 

Ty
p

e 
1 

Ty
p

e 
2 

Ty
p

e 
3 

Ty
p

e 
4 

Ty
p

e 
1 

Ty
p

e 
2 

Ty
p

e 
3 

Ty
p

e 
4 

Ty
p

e 
1 

Ty
p

e 
2 

Ty
p

e 
3 

Ty
p

e 
4 

Ty
p

e 
1 

Ty
p

e 
2 

Ty
p

e 
3 

Ty
p

e 
4

 
P

ip
e 

S
iz

e 
=

 2
1"

Height of Backfill H Above Top of Pipe, Feet

American Concrete Pipe Association • www.concrete-pipe.org



124 Concrete Pipe Design Manual

Table 17
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Table 25
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9.
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Table 26
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Table 27
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.8
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.7
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.5
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.8
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.9
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.7
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.8
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.7
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.1
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.5

 
7 
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Table 28
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Table 29
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14
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14
.8

 
15

.2
 

14
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14

.4
 

14
.4

 
14

.9
 

13
.6

 
14

.1
 

14
.1

 
14

.5
 

24
 

1 4
.7

 
1 5

.2
 

1 5
.2

 
1 5

.6
 

1 4
.4

 
1 4

.9
 

1 4
.9

 
1 5

.3
 

1 4
.1

 
1 4

.5
 

1 4
.5

 
1 5

.0
 

1 3
.7

 
1 4

.1
 

1 4
.1

 
1 4

.6
 

25
 

14
.8

 
15

.3
 

15
.3

 
15

.7
 

14
.6

 
15

.0
 

15
.0

 
15

.4
 

14
.2

 
14

.6
 

14
.6

 
15

.1
 

13
.8

 
14

.2
 

14
.2

 
14

.7
 

26
 

1 4
.9

 
1 5

.4
 

1 5
.4

 
1 5

.8
 

1 4
.7

 
1 5

.1
 

1 5
.1

 
1 5

.6
 

1 4
.3

 
1 4

.7
 

1 4
.7

 
1 5

.2
 

1 3
.9

 
1 4

.3
 

1 4
.3

 
1 4

.8
 

27
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.1

 
15
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15
.5
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.1
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15
.3

 
15

.8
 

14
.5

 
14

.9
 

14
.9

 
15

.3
 

14
.0

 
14

.5
 

14
.5

 
14

.9
 

29
 

1 5
.3

 
1 5

.7
 

1 5
.7

 
1 6

.2
 

1 5
.0

 
1 5

.4
 

1 5
.4

 
1 5

.9
 

1 4
.6

 
1 5

.0
 

1 5
.0

 
1 5

.4
 

1 4
.1

 
1 4

.6
 

1 4
.6

 
1 5

.0
 

30
 

15
.3

 
15

.7
 

15
.7

 
16

.2
 

15
.0

 
15

.4
 

15
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15
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15
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Table 30

 
5 

13
.5

 
14

.0
 

14
.0

 
14

.5
 

13
.4

 
13

.9
 

13
.9

 
14

.5
 

13
.3

 
13

.8
 

13
.8

 
14

.4
 

13
.2

 
13

.7
 

13
.7

 
14

.3
 

6 
13

.5
 

14
.0

 
14

.0
 

14
.5

 
13

.4
 

13
.9

 
13

.9
 

14
.5

 
13

.3
 

13
.8

 
13

.8
 

14
.4

 
13

.2
 

13
.7

 
13

.7
 

14
.3

 
7 

13
.6

 
14

.1
 

14
.1

 
14

.6
 

13
.5

 
14

.0
 

14
.0

 
14

.5
 

13
.4

 
13

.9
 

13
.9

 
14

.4
 

13
.2

 
13

.7
 

13
.7

 
14

.3
 

8 
13

.7
 

14
.2

 
14

.2
 

14
.7

 
13

.6
 

14
.1

 
14

.1
 

14
.6

 
13

.4
 

13
.9

 
13

.9
 

14
.4

 
13

.3
 

13
.8

 
13

.8
 

14
.3

 
9 

13
.8

 
14

.3
 

14
.3

 
14

.8
 

13
.7

 
14

.2
 

14
.2

 
14

.7
 

13
.5

 
14

.0
 

14
.0

 
14

.5
 

13
.3

 
13

.8
 

13
.8

 
14

.3
 

10
 

13
.9

 
14

.4
 

14
.4

 
14

.9
 

13
.8

 
14

.3
 

14
.3

 
14

.7
 

13
.6

 
14

.1
 

14
.1

 
14

.6
 

13
.4

 
13

.9
 

13
.9

 
14

.4
 

1 1
 

1 4
.0

 
1 4

.5
 

1 4
.5

 
1 5

.0
 

1 3
.9

 
1 4

.4
 

1 4
.4

 
1 4

.8
 

1 3
.7

 
1 4

.2
 

1 4
.2

 
1 4

.7
 

1 3
.5

 
1 4

.0
 

1 4
.0

 
1 4

.5
 

12
 

14
.1

 
14

.6
 

14
.6

 
15

.1
 

14
.0

 
14

.5
 

14
.5

 
14

.9
 

13
.8

 
14

.3
 

14
.3

 
14

.7
 

13
.6

 
14

.0
 

14
.0

 
14

.5
 

13
 

14
.2

 
14

.7
 

14
.7

 
15

.2
 

14
.1

 
14

.6
 

14
.6

 
15

.0
 

13
.9

 
14

.3
 

14
.3

 
14

.8
 

13
.6

 
14

.1
 

14
.1

 
14

.6
 

14
 

14
.4

 
14

.8
 

14
.8

 
15

.3
 

14
.2

 
14

.7
 

14
.7

 
15

.2
 

14
.0

 
14

.4
 

14
.4

 
14

.9
 

13
.7

 
14

.2
 

14
.2

 
14

.7
 

15
 

14
.5

 
15

.0
 

15
.0

 
15

.4
 

14
.3

 
14

.8
 

14
.8

 
15

.3
 

14
.1

 
14

.5
 

14
.5

 
15

.0
 

13
.8

 
14

.3
 

14
.3

 
14

.8
 

16
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

14
.4

 
14

.9
 

14
.9

 
15

.4
 

14
.1

 
14

.6
 

14
.6

 
15

.1
 

13
.9

 
14

.4
 

14
.4

 
14

.8
 

17
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

14
.5

 
15

.0
 

15
.0

 
15

.5
 

14
.2

 
14

.7
 

14
.7

 
15

.2
 

14
.0

 
14

.4
 

14
.4

 
14

.9
 

18
 

14
.8

 
15

.3
 

15
.3

 
15

.8
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

14
.3

 
14

.8
 

14
.8

 
15

.3
 

14
.0

 
14

.5
 

14
.5

 
15

.0
 

19
 

15
.0

 
15

.4
 

15
.4

 
15

.9
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

14
.4

 
14

.9
 

14
.9

 
15

.4
 

14
.1

 
14

.6
 

14
.6

 
15

.1
 

20
 

15
.1

 
15

.6
 

15
.6

 
16

.0
 

14
.9

 
15

.3
 

15
.3

 
15

.8
 

14
.5

 
15

.0
 

15
.0

 
15

.5
 

14
.2

 
14

.7
 

14
.7

 
15

.2
 

21
 

15
.2

 
15

.7
 

15
.7

 
16

.2
 

15
.0

 
15

.4
 

15
.4

 
15

.9
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

14
.3

 
14

.8
 

14
.8

 
15

.2
 

22
 

15
.3

 
15

.8
 

15
.8

 
16

.3
 

15
.1

 
15

.5
 

15
.5

 
16

.0
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

14
.4

 
14

.8
 

14
.8

 
15

.3
 

23
 

15
.4

 
15

.9
 

15
.9

 
16

.4
 

15
.2

 
15

.7
 

15
.7

 
16

.1
 

14
.8

 
15

.3
 

15
.3

 
15

.8
 

14
.5

 
14

.9
 

14
.9

 
15

.4
 

24
 

15
.6

 
16

.0
 

16
.0

 
16

.5
 

15
.3

 
15

.8
 

15
.8

 
16

.2
 

14
.9

 
15

.4
 

15
.4

 
15

.9
 

14
.5

 
15

.0
 

15
.0

 
15

.5
 

25
 

15
.7

 
16

.2
 

16
.2

 
16

.6
 

15
.4

 
15

.9
 

15
.9

 
16

.4
 

15
.0

 
15

.5
 

15
.5

 
16

.0
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

26
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.5

 
16

.0
 

16
.0

 
16

.5
 

15
.1

 
15

.6
 

15
.6

 
16

.1
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

27
 

15
.9

 
16

.4
 

16
.4

 
16

.9
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

15
.2

 
15

.7
 

15
.7

 
16

.2
 

14
.8

 
15

.3
 

15
.3

 
15

.7
 

28
 

16
.0

 
16

.5
 

16
.5

 
17

.0
 

15
.7

 
16

.2
 

16
.2

 
16

.7
 

15
.3

 
15

.8
 

15
.8

 
16

.3
 

14
.9

 
15

.3
 

15
.3

 
15

.8
 

29
 

16
.1

 
16

.6
 

16
.6

 
17

.1
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.4

 
15

.9
 

15
.9

 
16

.3
 

15
.0

 
15

.4
 

15
.4

 
15

.9
 

30
 

16
.1

 
16

.6
 

16
.6

 
17

.1
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.4

 
15

.9
 

15
.9

 
16

.3
 

15
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15

.4
 

15
.4

 
15
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Table 31

 
5 

14
.3

 
14

.9
 

14
.9

 
15

.5
 

14
.3

 
14

.9
 

14
.9

 
15

.4
 

14
.2

 
14

.8
 

14
.8

 
15

.3
 

14
.1

 
14

.7
 

14
.7

 
15

.2
 

6 
14

.4
 

14
.9

 
14

.9
 

15
.5

 
14

.3
 

14
.9

 
14

.9
 

15
.4

 
14

.2
 

14
.8

 
14

.8
 

15
.3

 
14

.1
 

14
.7

 
14

.7
 

15
.2

 
7 

14
.5

 
15

.0
 

15
.0

 
15

.5
 

14
.4

 
14

.9
 

14
.9

 
15

.5
 

14
.2

 
14

.8
 

14
.8

 
15

.3
 

14
.1

 
14

.7
 

14
.7

 
15

.2
 

8 
14

.5
 

15
.1

 
15

.1
 

15
.6

 
14

.4
 

15
.0

 
15

.0
 

15
.5

 
14

.3
 

14
.8

 
14

.8
 

15
.4

 
14

.1
 

14
.7

 
14

.7
 

15
.2

 
9 

14
.6

 
15

.2
 

15
.2

 
15

.7
 

14
.5

 
15

.1
 

15
.1

 
15

.6
 

14
.4

 
14

.9
 

14
.9

 
15

.4
 

14
.2

 
14

.7
 

14
.7

 
15

.3
 

10
 

14
.7

 
15

.3
 

15
.3

 
15

.8
 

14
.6

 
15

.1
 

15
.1

 
15

.7
 

14
.4

 
15

.0
 

15
.0

 
15

.5
 

14
.3

 
14

.8
 

14
.8

 
15

.3
 

11
 

14
.9

 
15

.4
 

15
.4

 
15

.9
 

14
.7

 
15

.2
 

15
.2

 
15

.8
 

14
.5

 
15

.0
 

15
.0

 
15

.6
 

14
.3

 
14

.8
 

14
.8

 
15

.4
 

12
 

15
.0

 
15

.5
 

15
.5

 
16

.0
 

14
.8

 
15

.3
 

15
.3

 
15

.9
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

14
.4

 
14

.9
 

14
.9

 
15

.4
 

13
 

15
.1

 
15

.6
 

15
.6

 
16

.1
 

14
.9

 
15

.4
 

15
.4

 
16

.0
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

14
.5

 
15

.0
 

15
.0

 
15

.5
 

14
 

15
.2

 
15

.7
 

15
.7

 
16

.2
 

15
.0

 
15

.5
 

15
.5

 
16

.1
 

14
.8

 
15

.3
 

15
.3

 
15

.8
 

14
.6

 
15

.1
 

15
.1

 
15

.6
 

15
 

15
.3

 
15

.8
 

15
.8

 
16

.4
 

15
.1

 
15

.7
 

15
.7

 
16

.2
 

14
.9

 
15

.4
 

15
.4

 
15

.9
 

14
.6

 
15

.1
 

15
.1

 
15

.7
 

16
 

15
.4

 
16

.0
 

16
.0

 
16

.5
 

15
.3

 
15

.8
 

15
.8

 
16

.3
 

15
.0

 
15

.5
 

15
.5

 
16

.0
 

14
.7

 
15

.2
 

15
.2

 
15

.7
 

17
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

15
.4

 
15

.9
 

15
.9

 
16

.4
 

15
.1

 
15

.6
 

15
.6

 
16

.1
 

14
.8

 
15

.3
 

15
.3

 
15

.8
 

18
 

15
.7

 
16

.2
 

16
.2

 
16

.7
 

15
.5

 
16

.0
 

16
.0

 
16

.5
 

15
.2

 
15

.7
 

15
.7

 
16

.2
 

14
.9

 
15

.4
 

15
.4

 
15

.9
 

19
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

15
.3

 
15

.8
 

15
.8

 
16

.3
 

15
.0

 
15

.5
 

15
.5

 
16

.0
 

20
 

15
.9

 
16

.4
 

16
.4

 
17

.0
 

15
.7

 
16

.2
 

16
.2

 
16

.7
 

15
.4

 
15

.9
 

15
.9

 
16

.4
 

15
.0

 
15

.5
 

15
.5

 
16

.1
 

21
 

16
.1

 
16

.6
 

16
.6

 
17

.1
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.5

 
16

.0
 

16
.0

 
16

.5
 

15
.1

 
15

.6
 

15
.6

 
16

.1
 

22
 

16
.2

 
16

.7
 

16
.7

 
17

.2
 

15
.9

 
16

.4
 

16
.4

 
16

.9
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

15
.2

 
15

.7
 

15
.7

 
16

.2
 

23
 

16
.3

 
16

.8
 

16
.8

 
17

.3
 

16
.0

 
16

.5
 

16
.5

 
17

.0
 

15
.7

 
16

.2
 

16
.2

 
16

.7
 

15
.3

 
15

.8
 

15
.8

 
16

.3
 

24
 

16
.4

 
16

.9
 

16
.9

 
17

.4
 

16
.1

 
16

.6
 

16
.6

 
17

.2
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

15
.4

 
15

.9
 

15
.9

 
16

.4
 

25
 

16
.5

 
17

.0
 

17
.0

 
17

.5
 

16
.2

 
16

.8
 

16
.8

 
17

.3
 

15
.9

 
16

.4
 

16
.4

 
16

.9
 

15
.5

 
16

.0
 

16
.0

 
16

.5
 

26
 

16
.6

 
17

.2
 

17
.2

 
17

.7
 

16
.4

 
16

.9
 

16
.9

 
17

.4
 

16
.0

 
16

.5
 

16
.5

 
17

.0
 

15
.5

 
16

.0
 

16
.0

 
16

.5
 

27
 

16
.8

 
17

.3
 

17
.3

 
17

.8
 

16
.5

 
17

.0
 

17
.0

 
17

.5
 

16
.0

 
16

.6
 

16
.6

 
17

.1
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

28
 

16
.9

 
17

.4
 

17
.4

 
17

.9
 

16
.6

 
17

.1
 

17
.1

 
17

.6
 

16
.1

 
16

.6
 

16
.6

 
17

.2
 

15
.7

 
16

.2
 

16
.2

 
16

.7
 

29
 

17
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17

.5
 

17
.5

 
18

.0
 

16
.7

 
17

.2
 

17
.2

 
17

.7
 

16
.2

 
16

.7
 

16
.7

 
17

.2
 

15
.8

 
16

.3
 

16
.3

 
16

.8
 

30
 

17
.0

 
17

.5
 

17
.5

 
18

.0
 

16
.7

 
17

.2
 

17
.2

 
17

.7
 

16
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16

.7
 

16
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17

.2
 

15
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16
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16
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Table 32

 
5 

15
.2

 
15

.9
 

15
.9

 
16

.5
 

15
.2

 
15

.8
 

15
.8

 
16

.4
 

15
.1

 
15

.7
 

15
.7

 
16

.3
 

15
.0

 
15

.6
 

15
.6

 
16

.2
 

6  
1 5

.3
 

1 5
.9

 
1 5

.9
 

1 6
.5

 
1 5

.2
 

1 5
.8

 
1 5

.8
 

1 6
.4

 
1 5

.1
 

1 5
.7

 
1 5

.7
 

1 6
.3

 
1 5

.0
 

1 5
.6

 
1 5

.6
 

1 6
.2

 
7  

1 5
.3

 
1 5

.9
 

1 5
.9

 
1 6

.5
 

1 5
.2

 
1 5

.8
 

1 5
.8

 
1 6

.4
 

1 5
.1

 
1 5

.7
 

1 5
.7

 
1 6

.3
 

1 5
.0

 
1 5

.6
 

1 5
.6

 
1 6

.2
 

8 
15

.4
 

16
.0

 
16

.0
 

16
.6

 
15

.3
 

15
.9

 
15

.9
 

16
.4

 
15

.2
 

15
.7

 
15

.7
 

16
.3

 
15

.0
 

15
.6

 
15

.6
 

16
.2

 
9 

15
.5

 
16

.1
 

16
.1

 
16

.6
 

15
.4

 
15

.9
 

15
.9

 
16

.5
 

15
.2

 
15

.8
 

15
.8

 
16

.3
 

15
.1

 
15

.6
 

15
.6

 
16

.2
 

10
 

15
.6

 
16

.2
 

16
.2

 
16

.7
 

15
.5

 
16

.0
 

16
.0

 
16

.6
 

15
.3

 
15

.9
 

15
.9

 
16

.4
 

15
.1

 
15

.7
 

15
.7

 
16

.2
 

1 1
 

1 5
.7

 
1 6

.3
 

1 6
.3

 
1 6

.8
 

1 5
.6

 
1 6

.1
 

1 6
.1

 
1 6

.7
 

1 5
.4

 
1 5

.9
 

1 5
.9

 
1 6

.5
 

1 5
.2

 
1 5

.7
 

1 5
.7

 
1 6

.3
 

1 2
 

1 5
.8

 
1 6

.4
 

1 6
.4

 
1 6

.9
 

1 5
.7

 
1 6

.2
 

1 6
.2

 
1 6

.8
 

1 5
.5

 
1 6

.0
 

1 6
.0

 
1 6

.6
 

1 5
.2

 
1 5

.8
 

1 5
.8

 
1 6

.3
 

13
 

15
.9

 
16

.5
 

16
.5

 
17

.0
 

15
.8

 
16

.3
 

16
.3

 
16

.9
 

15
.5

 
16

.1
 

16
.1

 
16

.6
 

15
.3

 
15

.9
 

15
.9

 
16

.4
 

1 4
 

1 6
.1

 
1 6

.6
 

1 6
.6

 
1 7

.2
 

1 5
.9

 
1 6

.4
 

1 6
.4

 
1 7

.0
 

1 5
.6

 
1 6

.2
 

1 6
.2

 
1 6

.7
 

1 5
.4

 
1 5

.9
 

1 5
.9

 
1 6

.5
 

15
 

16
.2

 
16

.7
 

16
.7

 
17

.3
 

16
.0

 
16

.5
 

16
.5

 
17

.1
 

15
.7

 
16

.3
 

16
.3

 
16

.8
 

15
.5

 
16

.0
 

16
.0

 
16

.6
 

16
 

16
.3

 
16

.8
 

16
.8

 
17

.4
 

16
.1

 
16

.6
 

16
.6

 
17

.2
 

15
.8

 
16

.4
 

16
.4

 
16

.9
 

15
.6

 
16

.1
 

16
.1

 
16

.6
 

17
 

16
.4

 
17

.0
 

17
.0

 
17

.5
 

16
.2

 
16

.7
 

16
.7

 
17

.3
 

15
.9

 
16

.5
 

16
.5

 
17

.0
 

15
.6

 
16

.2
 

16
.2

 
16

.7
 

18
 

16
.5

 
17

.1
 

17
.1

 
17

.6
 

16
.3

 
16

.9
 

16
.9

 
17

.4
 

16
.0

 
16

.6
 

16
.6

 
17

.1
 

15
.7

 
16

.3
 

16
.3

 
16

.8
 

1 9
 

1 6
.7

 
1 7

.2
 

1 7
.2

 
1 7

.7
 

1 6
.4

 
1 7

.0
 

1 7
.0

 
1 7

.5
 

1 6
.1

 
1 6

.7
 

1 6
.7

 
1 7

.2
 

1 5
.8

 
1 6

.3
 

1 6
.3

 
1 6

.9
 

20
 

16
.8

 
17

.3
 

17
.3

 
17

.9
 

16
.5

 
17

.1
 

17
.1

 
17

.6
 

16
.2

 
16

.8
 

16
.8

 
17

.3
 

15
.9

 
16

.4
 

16
.4

 
17

.0
 

21
 

16
.9

 
17

.4
 

17
.4

 
18

.0
 

16
.6

 
17

.2
 

17
.2

 
17

.7
 

16
.3

 
16

.8
 

16
.8

 
17

.4
 

16
.0

 
16

.5
 

16
.5

 
17

.0
 

22
 

17
.0

 
17

.6
 

17
.6

 
18

.1
 

16
.8

 
17

.3
 

17
.3

 
17

.8
 

16
.4

 
16

.9
 

16
.9

 
17

.5
 

16
.0

 
16

.6
 

16
.6

 
17

.1
 

23
 

17
.1

 
17

.7
 

17
.7

 
18

.2
 

16
.9

 
17

.4
 

17
.4

 
17

.9
 

16
.5

 
17

.0
 

17
.0

 
17

.6
 

16
.1

 
16

.7
 

16
.7

 
17

.2
 

24
 

1 7
.3

 
1 7

.8
 

1 7
.8

 
1 8

.3
 

1 7
.0

 
1 7

.5
 

1 7
.5

 
1 8

.1
 

1 6
.6

 
1 7

.1
 

1 7
.1

 
1 7

.7
 

1 6
.2

 
1 6

.7
 

1 6
.7

 
1 7

.3
 

25
 

17
.4

 
17

.9
 

17
.9

 
18

.5
 

17
.1

 
17

.6
 

17
.6

 
18

.2
 

16
.7

 
17

.2
 

17
.2

 
17

.8
 

16
.3

 
16

.8
 

16
.8

 
17

.4
 

26
 

1 7
.5

 
1 8

.0
 

1 8
.0

 
1 8

.6
 

1 7
.2

 
1 7

.7
 

1 7
.7

 
1 8

.3
 

1 6
.8

 
1 7

.3
 

1 7
.3

 
1 7

.9
 

1 6
.4

 
1 6

.9
 

1 6
.9

 
1 7

.4
 

27
 

17
.6

 
18

.2
 

18
.2

 
18

.7
 

17
.3

 
17

.8
 

17
.8

 
18

.4
 

16
.9

 
17

.4
 

17
.4

 
18

.0
 

16
.5

 
17

.0
 

17
.0

 
17

.5
 

28
 

17
.7

 
18

.3
 

18
.3

 
18

.8
 

17
.4

 
18

.0
 

18
.0

 
18

.5
 

17
.0

 
17

.5
 

17
.5

 
18

.1
 

16
.5

 
17

.1
 

17
.1

 
17

.6
 

29
 

1 7
.8

 
1 8

.4
 

1 8
.4

 
1 8

.9
 

1 7
.5

 
1 8

.1
 

1 8
.1

 
1 8

.6
 

1 7
.1

 
1 7

.6
 

1 7
.6

 
1 8

.2
 

1 6
.6

 
1 7

.2
 

1 7
.2

 
1 7

.7
 

30
 

17
.8

 
18

.4
 

18
.4

 
18

.9
 

17
.5

 
18

.1
 

18
.1

 
18

.6
 

17
.1

 
17

.6
 

17
.6

 
18

.2
 

16
.6

 
17

.2
 

17
.2

 
17

.7
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Table 33

 
5 

16
.1

 
16

.8
 

16
.8

 
17

.4
 

16
.1

 
16

.7
 

16
.7

 
17

.4
 

16
.0

 
16

.6
 

16
.6

 
17

.3
 

15
.9

 
16

.5
 

16
.5

 
17

.2
 

6 
16

.1
 

16
.8

 
16

.8
 

17
.4

 
16

.1
 

16
.7

 
16

.7
 

17
.4

 
16

.0
 

16
.6

 
16

.6
 

17
.3

 
15

.9
 

16
.5

 
16

.5
 

17
.2

 
7 

16
.2

 
16

.8
 

16
.8

 
17

.4
 

16
.1

 
16

.7
 

16
.7

 
17

.4
 

16
.0

 
16

.6
 

16
.6

 
17

.3
 

15
.9

 
16

.5
 

16
.5

 
17

.2
 

8 
16

.3
 

16
.9

 
16

.9
 

17
.5

 
16

.2
 

16
.8

 
16

.8
 

17
.4

 
16

.0
 

16
.6

 
16

.6
 

17
.3

 
15

.9
 

16
.5

 
16

.5
 

17
.2

 
9 

16
.4

 
17

.0
 

17
.0

 
17

.6
 

16
.2

 
16

.8
 

16
.8

 
17

.4
 

16
.1

 
16

.7
 

16
.7

 
17

.3
 

15
.9

 
16

.5
 

16
.5

 
17

.2
 

10
 

16
.5

 
17

.1
 

17
.1

 
17

.7
 

16
.3

 
16

.9
 

16
.9

 
17

.5
 

16
.1

 
16

.7
 

16
.7

 
17

.3
 

16
.0

 
16

.6
 

16
.6

 
17

.2
 

11
 

16
.6

 
17

.2
 

17
.2

 
17

.7
 

16
.4

 
17

.0
 

17
.0

 
17

.6
 

16
.2

 
16

.8
 

16
.8

 
17

.4
 

16
.0

 
16

.6
 

16
.6

 
17

.2
 

1 2
 

1 6
.7

 
1 7

.3
 

1 7
.3

 
1 7

.8
 

1 6
.5

 
1 7

.1
 

1 7
.1

 
1 7

.7
 

1 6
.3

 
1 6

.9
 

1 6
.9

 
1 7

.5
 

1 6
.1

 
1 6

.7
 

1 6
.7

 
1 7

.3
 

13
 

16
.8

 
17

.4
 

17
.4

 
18

.0
 

16
.6

 
17

.2
 

17
.2

 
17

.8
 

16
.4

 
17

.0
 

17
.0

 
17

.6
 

16
.2

 
16

.7
 

16
.7

 
17

.3
 

14
 

16
.9

 
17

.5
 

17
.5

 
18

.1
 

16
.7

 
17

.3
 

17
.3

 
17

.9
 

16
.5

 
17

.1
 

17
.1

 
17

.6
 

16
.2

 
16

.8
 

16
.8

 
17

.4
 

15
 

17
.0

 
17

.6
 

17
.6

 
18

.2
 

16
.8

 
17

.4
 

17
.4

 
18

.0
 

16
.6

 
17

.2
 

17
.2

 
17

.7
 

16
.3

 
16

.9
 

16
.9

 
17

.5
 

16
 

17
.1

 
17

.7
 

17
.7

 
18

.3
 

16
.9

 
17

.5
 

17
.5

 
18

.1
 

16
.7

 
17

.2
 

17
.2

 
17

.8
 

16
.4

 
17

.0
 

17
.0

 
17

.5
 

17
 

17
.3

 
17

.8
 

17
.8

 
18

.4
 

17
.0

 
17

.6
 

17
.6

 
18

.2
 

16
.8

 
17

.3
 

17
.3

 
17

.9
 

16
.5

 
17

.0
 

17
.0

 
17

.6
 

18
 

17
.4

 
18

.0
 

18
.0

 
18

.5
 

17
.2

 
17

.7
 

17
.7

 
18

.3
 

16
.9

 
17

.4
 

17
.4

 
18

.0
 

16
.6

 
17

.1
 

17
.1

 
17

.7
 

1 9
 

1 7
.5

 
1 8

.1
 

1 8
.1

 
1 8

.6
 

1 7
.3

 
1 7

.8
 

1 7
.8

 
1 8

.4
 

1 7
.0

 
1 7

.5
 

1 7
.5

 
1 8

.1
 

1 6
.6

 
1 7

.2
 

1 7
.2

 
1 7

.8
 

20
 

17
.6

 
18

.2
 

18
.2

 
18

.8
 

17
.4

 
18

.0
 

18
.0

 
18

.5
 

17
.1

 
17

.6
 

17
.6

 
18

.2
 

16
.7

 
17

.3
 

17
.3

 
17

.9
 

21
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

17
.5

 
18

.1
 

18
.1

 
18

.6
 

17
.1

 
17

.7
 

17
.7

 
18

.3
 

16
.8

 
17

.4
 

17
.4

 
17

.9
 

22
 

17
.9

 
18

.4
 

18
.4

 
19

.0
 

17
.6

 
18

.2
 

18
.2

 
18

.7
 

17
.2

 
17

.8
 

17
.8

 
18

.4
 

16
.9

 
17

.4
 

17
.4

 
18

.0
 

23
 

18
.0

 
18

.6
 

18
.6

 
19

.1
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

17
.3

 
17

.9
 

17
.9

 
18

.5
 

17
.0

 
17

.5
 

17
.5

 
18

.1
 

24
 

1 8
.1

 
1 8

.7
 

1 8
.7

 
1 9

.2
 

1 7
.8

 
1 8

.4
 

1 8
.4

 
1 9

.0
 

1 7
.4

 
1 8

.0
 

1 8
.0

 
1 8

.6
 

1 7
.0

 
1 7

.6
 

1 7
.6

 
1 8

.2
 

25
 

18
.2

 
18

.8
 

18
.8

 
19

.4
 

17
.9

 
18

.5
 

18
.5

 
19

.1
 

17
.5

 
18

.1
 

18
.1

 
18

.7
 

17
.1

 
17

.7
 

17
.7

 
18

.3
 

26
 

1 8
.3

 
1 8

.9
 

1 8
.9

 
1 9

.5
 

1 8
.0

 
1 8

.6
 

1 8
.6

 
1 9

.2
 

1 7
.6

 
1 8

.2
 

1 8
.2

 
1 8

.8
 

1 7
.2

 
1 7

.8
 

1 7
.8

 
1 8

.3
 

27
 

18
.5

 
19

.0
 

19
.0

 
19

.6
 

18
.1

 
18

.7
 

18
.7

 
19

.3
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

17
.3

 
17

.9
 

17
.9

 
18

.4
 

28
 

18
.6

 
19

.1
 

19
.1

 
19

.7
 

18
.3

 
18

.8
 

18
.8

 
19

.4
 

17
.8

 
18

.4
 

18
.4

 
19

.0
 

17
.4

 
17

.9
 

17
.9

 
18

.5
 

29
 

1 8
.7

 
1 9

.3
 

1 9
.3

 
1 9

.8
 

1 8
.4

 
1 8

.9
 

1 8
.9

 
1 9

.5
 

1 7
.9

 
1 8

.5
 

1 8
.5

 
1 9

.1
 

1 7
.5

 
1 8

.0
 

1 8
.0

 
1 8

.6
 

30
 

18
.7

 
19

.3
 

19
.3

 
19

.8
 

18
.4

 
18

.9
 

18
.9

 
19

.5
 

17
.9

 
18

.5
 

18
.5

 
19

.1
 

17
.5

 
18

.0
 

18
.0

 
18

.6
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Table 34

 
5 

17
.0

 
17

.7
 

17
.7

 
18

.4
 

17
.0

 
17

.7
 

17
.7

 
18

.4
 

16
.9

 
17

.6
 

17
.6

 
18

.3
 

16
.8

 
17

.5
 

17
.5

 
18

.2
 

6  
1 7

.0
 

1 7
.7

 
1 7

.7
 

1 8
.4

 
1 7

.0
 

1 7
.7

 
1 7

.7
 

1 8
.4

 
1 6

.9
 

1 7
.6

 
1 7

.6
 

1 8
.3

 
1 6

.8
 

1 7
.5

 
1 7

.5
 

1 8
.2

 
7  

1 7
.1

 
1 7

.7
 

1 7
.7

 
1 8

.4
 

1 7
.0

 
1 7

.7
 

1 7
.7

 
1 8

.4
 

1 6
.9

 
1 7

.6
 

1 7
.6

 
1 8

.3
 

1 6
.8

 
1 7

.5
 

1 7
.5

 
1 8

.2
 

8 
17

.1
 

17
.8

 
17

.8
 

18
.4

 
17

.0
 

17
.7

 
17

.7
 

18
.4

 
16

.9
 

17
.6

 
17

.6
 

18
.3

 
16

.8
 

17
.5

 
17

.5
 

18
.2

 
9 

17
.2

 
17

.9
 

17
.9

 
18

.5
 

17
.1

 
17

.7
 

17
.7

 
18

.4
 

16
.9

 
17

.6
 

17
.6

 
18

.3
 

16
.8

 
17

.5
 

17
.5

 
18

.2
 

10
 

17
.3

 
17

.9
 

17
.9

 
18

.6
 

17
.2

 
17

.8
 

17
.8

 
18

.4
 

17
.0

 
17

.6
 

17
.6

 
18

.3
 

16
.8

 
17

.5
 

17
.5

 
18

.2
 

1 1
 

1 7
.4

 
1 8

.0
 

1 8
.0

 
1 8

.7
 

1 7
.3

 
1 7

.9
 

1 7
.9

 
1 8

.5
 

1 7
.1

 
1 7

.7
 

1 7
.7

 
1 8

.3
 

1 6
.9

 
1 7

.5
 

1 7
.5

 
1 8

.2
 

1 2
 

1 7
.5

 
1 8

.1
 

1 8
.1

 
1 8

.8
 

1 7
.4

 
1 8

.0
 

1 8
.0

 
1 8

.6
 

1 7
.2

 
1 7

.8
 

1 7
.8

 
1 8

.4
 

1 6
.9

 
1 7

.6
 

1 7
.6

 
1 8

.2
 

13
 

17
.6

 
18

.3
 

18
.3

 
18

.9
 

17
.5

 
18

.1
 

18
.1

 
18

.7
 

17
.2

 
17

.9
 

17
.9

 
18

.5
 

17
.0

 
17

.6
 

17
.6

 
18

.2
 

1 4
 

1 7
.7

 
1 8

.4
 

1 8
.4

 
1 9

.0
 

1 7
.6

 
1 8

.2
 

1 8
.2

 
1 8

.8
 

1 7
.3

 
1 7

.9
 

1 7
.9

 
1 8

.6
 

1 7
.1

 
1 7

.7
 

1 7
.7

 
1 8

.3
 

15
 

17
.9

 
18

.5
 

18
.5

 
19

.1
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

17
.4

 
18

.0
 

18
.0

 
18

.6
 

17
.2

 
17

.8
 

17
.8

 
18

.4
 

16
 

18
.0

 
18

.6
 

18
.6

 
19

.2
 

17
.8

 
18

.4
 

18
.4

 
19

.0
 

17
.5

 
18

.1
 

18
.1

 
18

.7
 

17
.2

 
17

.8
 

17
.8

 
18

.4
 

17
 

18
.1

 
18

.7
 

18
.7

 
19

.3
 

17
.9

 
18

.5
 

18
.5

 
19

.1
 

17
.6

 
18

.2
 

18
.2

 
18

.8
 

17
.3

 
17

.9
 

17
.9

 
18

.5
 

18
 

18
.2

 
18

.8
 

18
.8

 
19

.4
 

18
.0

 
18

.6
 

18
.6

 
19

.2
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

17
.4

 
18

.0
 

18
.0

 
18

.6
 

1 9
 

1 8
.3

 
1 9

.0
 

1 9
.0

 
1 9

.6
 

1 8
.1

 
1 8

.7
 

1 8
.7

 
1 9

.3
 

1 7
.8

 
1 8

.4
 

1 8
.4

 
1 9

.0
 

1 7
.5

 
1 8

.1
 

1 8
.1

 
1 8

.7
 

20
 

18
.5

 
19

.1
 

19
.1

 
19

.7
 

18
.2

 
18

.8
 

18
.8

 
19

.4
 

17
.9

 
18

.5
 

18
.5

 
19

.1
 

17
.6

 
18

.2
 

18
.2

 
18

.8
 

21
 

18
.6

 
19

.2
 

19
.2

 
19

.8
 

18
.3

 
18

.9
 

18
.9

 
19

.5
 

18
.0

 
18

.6
 

18
.6

 
19

.2
 

17
.6

 
18

.2
 

18
.2

 
18

.8
 

22
 

18
.7

 
19

.3
 

19
.3

 
19

.9
 

18
.4

 
19

.0
 

19
.0

 
19

.6
 

18
.1

 
18

.7
 

18
.7

 
19

.3
 

17
.7

 
18

.3
 

18
.3

 
18

.9
 

23
 

18
.8

 
19

.4
 

19
.4

 
20

.0
 

18
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19

.2
 

19
.2

 
19

.8
 

18
.2

 
18

.8
 

18
.8

 
19

.4
 

17
.8

 
18

.4
 

18
.4

 
19

.0
 

24
 

1 8
.9

 
1 9

.5
 

1 9
.5

 
20

.2
 

1 8
.7

 
1 9

.3
 

1 9
.3

 
1 9

.9
 

1 8
.3

 
1 8

.9
 

1 8
.9

 
1 9

.5
 

1 7
.9

 
1 8

.5
 

1 8
.5

 
1 9

.1
 

25
 

19
.1

 
19

.7
 

19
.7

 
20

.3
 

18
.8

 
19

.4
 

19
.4

 
20

.0
 

18
.4

 
19

.0
 

19
.0

 
19

.6
 

18
.0

 
18

.6
 

18
.6

 
19

.2
 

26
 

1 9
.2

 
1 9

.8
 

1 9
.8

 
20

.4
 

1 8
.9

 
1 9

.5
 

1 9
.5

 
20

.1
 

1 8
.5

 
1 9

.1
 

1 9
.1

 
1 9

.7
 

1 8
.0

 
1 8

.6
 

1 8
.6

 
1 9

.2
 

27
 

19
.3

 
19

.9
 

19
.9

 
20

.5
 

19
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19

.6
 

19
.6

 
20
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18
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.2

 
19

.8
 

18
.1

 
18
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.7
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.3
 

28
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.4
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20
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20

.6
 

19
.1

 
19

.7
 

19
.7

 
20

.3
 

18
.7

 
19

.3
 

19
.3

 
19

.9
 

18
.2

 
18

.8
 

18
.8

 
19

.4
 

29
 

1 9
.5

 
20

.1
 

20
.1

 
20

.7
 

1 9
.2

 
1 9

.8
 

1 9
.8

 
20

.4
 

1 8
.8

 
1 9

.4
 

1 9
.4

 
20

.0
 

1 8
.3

 
1 8

.9
 

1 8
.9

 
1 9

.5
 

30
 

19
.5

 
20

.1
 

20
.1

 
20

.7
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.2

 
19

.8
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20
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Table 35

 
5 

17
.8

 
18

.6
 

18
.6

 
19

.3
 

17
.8

 
18

.5
 

18
.5

 
19

.3
 

17
.7

 
18

.4
 

18
.4

 
19

.2
 

17
.6

 
18

.3
 

18
.3

 
19

.1
 

6 
17

.8
 

18
.6

 
18

.6
 

19
.3

 
17

.8
 

18
.5

 
18

.5
 

19
.3

 
17

.7
 

18
.4

 
18

.4
 

19
.2

 
17

.6
 

18
.3

 
18

.3
 

19
.1

 
7 

17
.8

 
18

.6
 

18
.6

 
19

.3
 

17
.8

 
18

.5
 

18
.5

 
19

.3
 

17
.7

 
18

.4
 

18
.4

 
19

.2
 

17
.6

 
18

.3
 

18
.3

 
19

.1
 

8 
17

.9
 

18
.6

 
18

.6
 

19
.3

 
17

.8
 

18
.5

 
18

.5
 

19
.3

 
17

.7
 

18
.4

 
18

.4
 

19
.2

 
17

.6
 

18
.3

 
18

.3
 

19
.1

 
9 

18
.0

 
18

.7
 

18
.7

 
19

.3
 

17
.9

 
18

.5
 

18
.5

 
19

.3
 

17
.7

 
18

.4
 

18
.4

 
19

.2
 

17
.6

 
18

.3
 

18
.3

 
19

.1
 

10
 

18
.1

 
18

.7
 

18
.7

 
19

.4
 

17
.9

 
18

.6
 

18
.6

 
19

.3
 

17
.8

 
18

.4
 

18
.4

 
19

.2
 

17
.6

 
18

.3
 

18
.3

 
19

.1
 

11
 

18
.2

 
18

.8
 

18
.8

 
19

.5
 

18
.0

 
18

.7
 

18
.7

 
19

.3
 

17
.8

 
18

.5
 

18
.5

 
19

.2
 

17
.6

 
18

.3
 

18
.3

 
19

.1
 

1 2
 

1 8
.3

 
1 8

.9
 

1 8
.9

 
1 9

.6
 

1 8
.1

 
1 8

.8
 

1 8
.8

 
1 9

.4
 

1 7
.9

 
1 8

.6
 

1 8
.6

 
1 9

.2
 

1 7
.7

 
1 8

.3
 

1 8
.3

 
1 9

.1
 

13
 

18
.4

 
19

.0
 

19
.0

 
19

.7
 

18
.2

 
18

.9
 

18
.9

 
19

.5
 

18
.0

 
18

.6
 

18
.6

 
19

.3
 

17
.8

 
18

.4
 

18
.4

 
19

.1
 

14
 

18
.5

 
19

.1
 

19
.1

 
19

.8
 

18
.3

 
19

.0
 

19
.0

 
19

.6
 

18
.1

 
18

.7
 

18
.7

 
19

.4
 

17
.8

 
18

.5
 

18
.5

 
19

.1
 

15
 

18
.6

 
19

.3
 

19
.3

 
19

.9
 

18
.4

 
19

.1
 

19
.1

 
19

.7
 

18
.2

 
18

.8
 

18
.8

 
19

.5
 

17
.9

 
18

.5
 

18
.5

 
19

.2
 

16
 

18
.7

 
19

.4
 

19
.4

 
20

.0
 

18
.5

 
19

.2
 

19
.2

 
19

.8
 

18
.3

 
18

.9
 

18
.9

 
19

.5
 

18
.0

 
18

.6
 

18
.6

 
19

.3
 

17
 

18
.8

 
19

.5
 

19
.5

 
20

.1
 

18
.6

 
19

.3
 

19
.3

 
19

.9
 

18
.3

 
19

.0
 

19
.0

 
19

.6
 

18
.0

 
18

.7
 

18
.7

 
19

.3
 

18
 

19
.0

 
19

.6
 

19
.6

 
20

.3
 

18
.7

 
19

.4
 

19
.4

 
20

.0
 

18
.4

 
19

.1
 

19
.1

 
19

.7
 

18
.1

 
18

.8
 

18
.8

 
19

.4
 

1 9
 

1 9
.1

 
1 9

.7
 

1 9
.7

 
20

.4
 

1 8
.9

 
1 9

.5
 

1 9
.5

 
20

.1
 

1 8
.5

 
1 9

.2
 

1 9
.2

 
1 9

.8
 

1 8
.2

 
1 8

.8
 

1 8
.8

 
1 9

.5
 

20
 

19
.2

 
19

.8
 

19
.8

 
20

.5
 

19
.0

 
19

.6
 

19
.6

 
20

.2
 

18
.6

 
19

.3
 

19
.3

 
19

.9
 

18
.3

 
18

.9
 

18
.9

 
19

.6
 

21
 

19
.3

 
20

.0
 

20
.0

 
20

.6
 

19
.1

 
19

.7
 

19
.7

 
20

.3
 

18
.7

 
19

.4
 

19
.4

 
20

.0
 

18
.4

 
19

.0
 

19
.0

 
19

.6
 

22
 

19
.4

 
20

.1
 

20
.1

 
20

.7
 

19
.2

 
19

.8
 

19
.8

 
20

.5
 

18
.8

 
19

.5
 

19
.5

 
20

.1
 

18
.5

 
19

.1
 

19
.1

 
19

.7
 

23
 

19
.6

 
20

.2
 

20
.2

 
20

.8
 

19
.3

 
19

.9
 

19
.9

 
20

.6
 

18
.9

 
19

.6
 

19
.6

 
20

.2
 

18
.5

 
19

.2
 

19
.2

 
19

.8
 

24
 

1 9
.7

 
20

.3
 

20
.3

 
21

.0
 

1 9
.4

 
20

.0
 

20
.0

 
20

.7
 

1 9
.0

 
1 9

.6
 

1 9
.6

 
20

.3
 

1 8
.6

 
1 9

.2
 

1 9
.2

 
1 9

.9
 

25
 

19
.8

 
20

.4
 

20
.4

 
21

.1
 

19
.5

 
20

.1
 

20
.1

 
20

.8
 

19
.1

 
19

.7
 

19
.7

 
20

.4
 

18
.7

 
19

.3
 

19
.3

 
20

.0
 

26
 

1 9
.9

 
20

.6
 

20
.6

 
21

.2
 

1 9
.6

 
20

.3
 

20
.3

 
20

.9
 

1 9
.2

 
1 9

.8
 

1 9
.8

 
20

.5
 

1 8
.8

 
1 9

.4
 

1 9
.4

 
20

.0
 

27
 

20
.0

 
20

.7
 

20
.7

 
21

.3
 

19
.7

 
20

.4
 

20
.4

 
21

.0
 

19
.3

 
19

.9
 

19
.9

 
20

.6
 

18
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19

.5
 

19
.5

 
20

.1
 

28
 

20
.2
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.8
 

20
.8

 
21

.4
 

19
.8
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.5
 

20
.5

 
21

.1
 

19
.4

 
20

.0
 

20
.0

 
20

.7
 

19
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19

.6
 

19
.6

 
20

.2
 

29
 

20
.3

 
20

.9
 

20
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21

.6
 

20
.0

 
20

.6
 

20
.6

 
21

.2
 

1 9
.5

 
20

.1
 

20
.1

 
20

.8
 

1 9
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1 9

.7
 

1 9
.7

 
20

.3
 

30
 

20
.3
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.9
 

20
.9
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.6
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20

.6
 

20
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.2
 

19
.5
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.1
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20

.8
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Table 36

 
5 

18
.8

 
19

.5
 

19
.5

 
20

.3
 

18
.7

 
19

.5
 

19
.5

 
20

.3
 

18
.6

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

6 
18

.8
 

19
.5

 
19

.5
 

20
.3

 
18

.7
 

19
.5

 
19

.5
 

20
.3

 
18

.6
 

19
.4

 
19

.4
 

20
.2

 
18

.5
 

19
.3

 
19

.3
 

20
.1

 
7 

18
.8

 
19

.5
 

19
.5

 
20

.3
 

18
.7

 
19

.5
 

19
.5

 
20

.3
 

18
.6

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

8 
18

.8
 

19
.5

 
19

.5
 

20
.3

 
18

.7
 

19
.5

 
19

.5
 

20
.3

 
18

.6
 

19
.4

 
19

.4
 

20
.2

 
18

.5
 

19
.3

 
19

.3
 

20
.1

 
9 

18
.8

 
19

.6
 

19
.6

 
20

.3
 

18
.7

 
19

.5
 

19
.5

 
20

.3
 

18
.6

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

10
 

18
.9

 
19

.6
 

19
.6

 
20

.3
 

18
.8

 
19

.5
 

19
.5

 
20

.3
 

18
.6

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

11
 

19
.0

 
19

.7
 

19
.7

 
20

.4
 

18
.9

 
19

.6
 

19
.6

 
20

.3
 

18
.7

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

12
 

19
.1

 
19

.8
 

19
.8

 
20

.5
 

19
.0

 
19

.7
 

19
.7

 
20

.4
 

18
.8

 
19

.4
 

19
.4

 
20

.2
 

18
.5

 
19

.3
 

19
.3

 
20

.1
 

13
 

19
.2

 
19

.9
 

19
.9

 
20

.6
 

19
.1

 
19

.8
 

19
.8

 
20

.4
 

18
.8

 
19

.5
 

19
.5

 
20

.2
 

18
.6

 
19

.3
 

19
.3

 
20

.1
 

14
 

19
.3

 
20

.0
 

20
.0

 
20

.7
 

19
.2

 
19

.8
 

19
.8

 
20

.5
 

18
.9

 
19

.6
 

19
.6

 
20

.3
 

18
.7

 
19

.4
 

19
.4

 
20

.1
 

15
 

19
.5

 
20

.1
 

20
.1

 
20

.8
 

19
.3

 
19

.9
 

19
.9

 
20

.6
 

19
.0

 
19

.7
 

19
.7

 
20

.4
 

18
.7

 
19

.4
 

19
.4

 
20

.1
 

16
 

19
.6

 
20

.3
 

20
.3

 
20

.9
 

19
.4

 
20

.0
 

20
.0

 
20

.7
 

19
.1

 
19

.8
 

19
.8

 
20

.4
 

18
.8

 
19

.5
 

19
.5

 
20

.2
 

17
 

19
.7

 
20

.4
 

20
.4

 
21

.0
 

19
.5

 
20

.2
 

20
.2

 
20

.8
 

19
.2

 
19

.9
 

19
.9

 
20

.5
 

18
.9

 
19

.6
 

19
.6

 
20

.2
 

18
 

19
.8

 
20

.5
 

20
.5

 
21

.2
 

19
.6

 
20

.3
 

20
.3

 
20

.9
 

19
.3

 
20

.0
 

20
.0

 
20

.6
 

19
.0

 
19

.6
 

19
.6

 
20

.3
 

19
 

19
.9

 
20

.6
 

20
.6

 
21

.3
 

19
.7

 
20

.4
 

20
.4

 
21

.0
 

19
.4

 
20

.0
 

20
.0

 
20

.7
 

19
.0

 
19

.7
 

19
.7

 
20

.4
 

20
 

20
.1

 
20

.7
 

20
.7

 
21

.4
 

19
.8

 
20

.5
 

20
.5

 
21

.1
 

19
.5

 
20

.1
 

20
.1

 
20

.8
 

19
.1

 
19

.8
 

19
.8

 
20

.5
 

21
 

20
.2

 
20

.8
 

20
.8

 
21

.5
 

19
.9

 
20

.6
 

20
.6

 
21

.3
 

19
.6

 
20

.2
 

20
.2

 
20

.9
 

19
.2

 
19

.9
 

19
.9

 
20

.5
 

22
 

20
.3

 
21

.0
 

21
.0

 
21

.6
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

19
.7

 
20

.3
 

20
.3

 
21

.0
 

19
.3

 
20

.0
 

20
.0

 
20

.6
 

23
 

20
.4

 
21

.1
 

21
.1

 
21

.8
 

20
.1

 
20

.8
 

20
.8

 
21

.5
 

19
.8

 
20

.4
 

20
.4

 
21

.1
 

19
.4

 
20

.0
 

20
.0

 
20

.7
 

24
 

20
.5

 
21

.2
 

21
.2

 
21

.9
 

20
.2

 
20

.9
 

20
.9

 
21

.6
 

19
.9

 
20

.5
 

20
.5

 
21

.2
 

19
.5

 
20

.1
 

20
.1

 
20

.8
 

25
 

20
.7

 
21

.3
 

21
.3

 
22

.0
 

20
.4

 
21

.0
 

21
.0

 
21

.7
 

20
.0

 
20

.6
 

20
.6

 
21

.3
 

19
.5

 
20

.2
 

20
.2

 
20

.9
 

26
 

20
.8

 
21

.4
 

21
.4

 
22

.1
 

20
.5

 
21

.1
 

21
.1

 
21

.8
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

19
.6

 
20

.3
 

20
.3

 
20

.9
 

27
 

20
.9

 
21

.6
 

21
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22
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21
.2

 
21
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20

.8
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.8
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.5
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.7
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20
.4

 
21
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.7
 

21
.7
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.3
 

20
.7
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21
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20
.2
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.9
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19
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20
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21
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29
 

21
.1

 
21

.8
 

21
.8
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.5
 

20
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21
.5

 
22

.1
 

20
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21
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21
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21

.7
 

19
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20
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20
.5

 
21

.2
 

30
 

21
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21

.8
 

21
.8

 
22

.5
 

20
.8

 
21

.5
 

21
.5
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21
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19
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Table 37

 
5 

19
.7

 
20

.5
 

20
.5

 
21

.3
 

19
.6

 
20

.4
 

20
.4

 
21

.3
 

19
.5

 
20

.3
 

20
.3

 
21

.3
 

19
.4

 
20

.2
 

20
.2

 
21

.1
 

6 
19

.7
 

20
.5

 
20

.5
 

21
.3

 
19

.6
 

20
.4

 
20

.4
 

21
.3

 
19

.5
 

20
.3

 
20

.3
 

21
.2

 
19

.4
 

20
.2

 
20

.2
 

21
.1

 
7 

19
.7

 
20

.5
 

20
.5

 
21

.3
 

19
.6

 
20

.4
 

20
.4

 
21

.3
 

19
.5

 
20

.3
 

20
.3

 
21

.2
 

19
.4

 
20

.2
 

20
.2

 
21

.1
 

8 
19

.7
 

20
.5

 
20

.5
 

21
.3

 
19

.6
 

20
.4

 
20

.4
 

21
.3

 
19

.5
 

20
.3

 
20

.3
 

21
.2

 
19

.4
 

20
.2

 
20

.2
 

21
.1

 
9 

19
.7

 
20

.5
 

20
.5

 
21

.3
 

19
.6

 
20

.4
 

20
.4

 
21

.3
 

19
.5

 
20

.3
 

20
.3

 
21

.2
 

19
.4

 
20

.2
 

20
.2

 
21

.1
 

10
 

19
.8

 
20

.5
 

20
.5

 
21

.3
 

19
.7

 
20

.4
 

20
.4

 
21

.3
 

19
.5

 
20

.3
 

20
.3

 
21

.2
 

19
.4

 
20

.2
 

20
.2

 
21

.1
 

11
 

19
.9

 
20

.6
 

20
.6

 
21

.4
 

19
.7

 
20

.5
 

20
.5

 
21

.3
 

19
.5

 
20

.3
 

20
.3

 
21

.2
 

19
.4

 
20

.2
 

20
.2

 
21

.1
 

1 2
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

1 9
.8

 
20

.6
 

20
.6

 
21

.3
 

1 9
.6

 
20

.3
 

20
.3

 
21

.2
 

1 9
.4

 
20

.2
 

20
.2

 
21

.1
 

13
 

20
.1

 
20

.8
 

20
.8

 
21

.5
 

19
.9

 
20

.6
 

20
.6

 
21

.4
 

19
.7

 
20

.4
 

20
.4

 
21

.2
 

19
.5

 
20

.2
 

20
.2

 
21

.1
 

14
 

20
.2

 
20

.9
 

20
.9

 
21

.6
 

20
.0

 
20

.7
 

20
.7

 
21

.5
 

19
.8

 
20

.5
 

20
.5

 
21

.2
 

19
.5

 
20

.2
 

20
.2

 
21

.1
 

15
 

20
.3

 
21

.0
 

21
.0

 
21

.7
 

20
.1

 
20

.8
 

20
.8

 
21

.5
 

19
.9

 
20

.6
 

20
.6

 
21

.3
 

19
.6

 
20

.3
 

20
.3

 
21

.1
 

16
 

20
.4

 
21

.1
 

21
.1

 
21

.8
 

20
.2

 
20

.9
 

20
.9

 
21

.6
 

19
.9

 
20

.7
 

20
.7

 
21

.4
 

19
.7

 
20

.4
 

20
.4

 
21

.1
 

17
 

20
.5

 
21

.2
 

21
.2

 
22

.0
 

20
.3

 
21

.0
 

21
.0

 
21

.7
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

19
.7

 
20

.4
 

20
.4

 
21

.1
 

18
 

20
.7

 
21

.4
 

21
.4

 
22

.1
 

20
.4

 
21

.1
 

21
.1

 
21

.8
 

20
.1

 
20

.8
 

20
.8

 
21

.5
 

19
.8

 
20

.5
 

20
.5

 
21

.2
 

1 9
 

20
.8

 
21

.5
 

21
.5

 
22

.2
 

20
.5

 
21

.2
 

21
.2

 
21

.9
 

20
.2

 
20

.9
 

20
.9

 
21

.6
 

1 9
.9

 
20

.6
 

20
.6

 
21

.3
 

20
 

20
.9

 
21

.6
 

21
.6

 
22

.3
 

20
.6

 
21

.3
 

21
.3

 
22

.1
 

20
.3

 
21

.0
 

21
.0

 
21

.7
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

21
 

21
.0

 
21

.7
 

21
.7

 
22

.4
 

20
.8

 
21

.5
 

21
.5

 
22

.2
 

20
.4

 
21

.1
 

21
.1

 
21

.8
 

20
.0

 
20

.7
 

20
.7

 
21

.4
 

22
 

21
.1

 
21

.8
 

21
.8

 
22

.5
 

20
.9

 
21

.6
 

21
.6

 
22

.3
 

20
.5

 
21

.2
 

21
.2

 
21

.9
 

20
.1

 
20

.8
 

20
.8

 
21

.5
 

23
 

21
.3

 
22

.0
 

22
.0

 
22

.7
 

21
.0

 
21

.7
 

21
.7

 
22

.4
 

20
.6

 
21

.3
 

21
.3

 
22

.0
 

20
.2

 
20

.9
 

20
.9

 
21

.6
 

24
 

21
.4

 
22

.1
 

22
.1

 
22

.8
 

21
.1

 
21

.8
 

21
.8

 
22

.5
 

20
.7

 
21

.4
 

21
.4

 
22

.1
 

20
.3

 
21

.0
 

21
.0

 
21

.7
 

25
 

21
.5

 
22

.2
 

22
.2

 
22

.9
 

21
.2

 
21

.9
 

21
.9

 
22

.6
 

20
.8

 
21

.5
 

21
.5

 
22

.2
 

20
.4

 
21

.1
 

21
.1

 
21

.8
 

26
 

21
.6

 
22

.3
 

22
.3

 
23

.0
 

21
.3

 
22

.0
 

22
.0

 
22

.7
 

20
.9

 
21

.6
 

21
.6

 
22

.3
 

20
.5

 
21

.1
 

21
.1

 
21

.8
 

27
 

21
.7

 
22

.4
 

22
.4

 
23

.1
 

21
.4

 
22

.1
 

22
.1

 
22

.8
 

21
.0

 
21

.7
 

21
.7

 
22

.4
 

20
.5

 
21

.2
 

21
.2

 
21

.9
 

28
 

21
.9

 
22

.6
 

22
.6

 
23

.3
 

21
.5

 
22

.2
 

22
.2

 
22

.9
 

21
.1

 
21

.8
 

21
.8

 
22

.5
 

20
.6

 
21

.3
 

21
.3

 
22

.0
 

29
 

22
.0

 
22

.7
 

22
.7

 
23

.4
 

21
.6

 
22

.3
 

22
.3

 
23

.0
 

21
.2

 
21

.9
 

21
.9

 
22

.6
 

20
.7

 
21

.4
 

21
.4

 
22

.1
 

30
 

22
.0

 
22

.7
 

22
.7

 
23

.4
 

21
.6

 
22

.3
 

22
.3

 
23

.0
 

21
.2

 
21

.9
 

21
.9

 
22

.6
 

20
.7

 
21

.4
 

21
.4

 
22

.1
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Table 38

 
5 

20
.6

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.4
 

21
.4

 
22

.3
 

20
.4

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
21

.1
 

6 
20

.6
 

21
.5

 
21

.5
 

22
.3

 
20

.5
 

21
.4

 
21

.4
 

22
.3

 
20

.4
 

21
.3

 
21

.3
 

22
.2

 
20

.3
 

21
.2

 
21

.2
 

22
.1

 
7 

20
.6

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.4
 

21
.4

 
22

.3
 

20
.4

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

8 
20

.6
 

21
.5

 
21

.5
 

22
.3

 
20

.5
 

21
.4

 
21

.4
 

22
.3

 
20

.4
 

21
.3

 
21

.3
 

22
.2

 
20

.3
 

21
.2

 
21

.2
 

22
.1

 
9 

20
.6

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.4
 

21
.4

 
22

.3
 

20
.4

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

10
 

20
.7

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.4
 

21
.4

 
22

.3
 

20
.4

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

11
 

20
.7

 
21

.5
 

21
.5

 
22

.3
 

20
.6

 
21

.4
 

21
.4

 
22

.3
 

20
.4

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

1 2
 

20
.8

 
21

.6
 

21
.6

 
22

.4
 

20
.7

 
21

.4
 

21
.4

 
22

.3
 

20
.5

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

13
 

20
.9

 
21

.7
 

21
.7

 
22

.5
 

20
.8

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.3
 

21
.3

 
22

.2
 

20
.3

 
21

.2
 

21
.2

 
22

.1
 

14
 

21
.0

 
21

.8
 

21
.8

 
22

.6
 

20
.9

 
21

.6
 

21
.6

 
22

.4
 

20
.6

 
21

.4
 

21
.4

 
22

.2
 

20
.4

 
21

.2
 

21
.2

 
22

.1
 

15
 

21
.2

 
21

.9
 

21
.9

 
22

.7
 

21
.0

 
21

.7
 

21
.7

 
22

.5
 

20
.7

 
21

.4
 

21
.4

 
22

.2
 

20
.4

 
21

.2
 

21
.2

 
22

.1
 

16
 

21
.3

 
22

.0
 

22
.0

 
22

.8
 

21
.1

 
21

.8
 

21
.8

 
22

.6
 

20
.8

 
21

.5
 

21
.5

 
22

.3
 

20
.5

 
21

.2
 

21
.2

 
22

.1
 

17
 

21
.4

 
22

.1
 

22
.1

 
22

.9
 

21
.2

 
21

.9
 

21
.9

 
22

.7
 

20
.9

 
21

.6
 

21
.6

 
22

.4
 

20
.6

 
21

.3
 

21
.3

 
22

.1
 

18
 

21
.5

 
22

.2
 

22
.2

 
23

.0
 

21
.3

 
22

.0
 

22
.0

 
22

.8
 

21
.0

 
21

.7
 

21
.7

 
22

.4
 

20
.6

 
21

.4
 

21
.4

 
22

.1
 

1 9
 

21
.6

 
22

.4
 

22
.4

 
23

.1
 

21
.4

 
22

.1
 

22
.1

 
22

.9
 

21
.1

 
21

.8
 

21
.8

 
22

.5
 

20
.7

 
21

.5
 

21
.5

 
22

.2
 

20
 

21
.7

 
22

.5
 

22
.5

 
23

.2
 

21
.5

 
22

.2
 

22
.2

 
23

.0
 

21
.1

 
21

.9
 

21
.9

 
22

.6
 

20
.8

 
21

.5
 

21
.5

 
22

.3
 

21
 

21
.9

 
22

.6
 

22
.6

 
23

.3
 

21
.6

 
22

.3
 

22
.3

 
23

.1
 

21
.2

 
22

.0
 

22
.0

 
22

.7
 

20
.9

 
21

.6
 

21
.6

 
22

.3
 

22
 

22
.0

 
22

.7
 

22
.7

 
23

.4
 

21
.7

 
22

.4
 

22
.4

 
23

.2
 

21
.3

 
22

.1
 

22
.1

 
22

.8
 

21
.0

 
21

.7
 

21
.7

 
22

.4
 

23
 

22
.1

 
22

.8
 

22
.8

 
23

.6
 

21
.8

 
22

.6
 

22
.6

 
23

.3
 

21
.4

 
22

.2
 

22
.2

 
22

.9
 

21
.0

 
21

.8
 

21
.8

 
22

.5
 

24
 

22
.2

 
23

.0
 

23
.0

 
23

.7
 

21
.9

 
22

.7
 

22
.7

 
23

.4
 

21
.5

 
22

.3
 

22
.3

 
23

.0
 

21
.1

 
21

.9
 

21
.9

 
22

.6
 

25
 

22
.3

 
23

.1
 

23
.1

 
23

.8
 

22
.0

 
22

.8
 

22
.8

 
23

.5
 

21
.6

 
22

.4
 

22
.4

 
23

.1
 

21
.2

 
21

.9
 

21
.9

 
22

.7
 

26
 

22
.5

 
23

.2
 

23
.2

 
23

.9
 

22
.1

 
22

.9
 

22
.9

 
23

.6
 

21
.7

 
22

.5
 

22
.5

 
23

.2
 

21
.3

 
22

.0
 

22
.0

 
22

.7
 

27
 

22
.6

 
23

.3
 

23
.3

 
24

.0
 

22
.3

 
23

.0
 

23
.0

 
23

.7
 

21
.8

 
22

.5
 

22
.5

 
23

.3
 

21
.4

 
22

.1
 

22
.1

 
22

.8
 

28
 

22
.7

 
23

.4
 

23
.4

 
24

.2
 

22
.4

 
23

.1
 

23
.1

 
23

.8
 

21
.9

 
22

.6
 

22
.6

 
23

.4
 

21
.5

 
22

.2
 

22
.2

 
22

.9
 

29
 

22
.8

 
23

.6
 

23
.6

 
24

.3
 

22
.5

 
23

.2
 

23
.2

 
23

.9
 

22
.0

 
22

.7
 

22
.7

 
23

.5
 

21
.5

 
22

.3
 

22
.3

 
23

.0
 

30
 

22
.8

 
23

.6
 

23
.6

 
24

.3
 

22
.5

 
23

.2
 

23
.2

 
23

.9
 

22
.0

 
22

.7
 

22
.7

 
23

.5
 

21
.5

 
22

.3
 

22
.3

 
23

.0
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Table 39

 
5 

21
.5

 
22

.4
 

22
.4

 
23

.4
 

21
.4

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

6 
21

.5
 

22
.4

 
22

.4
 

23
.4

 
21

.4
 

22
.4

 
22

.4
 

23
.3

 
21

.4
 

22
.3

 
22

.3
 

23
.2

 
21

.3
 

22
.2

 
22

.2
 

23
.1

 
7 

21
.5

 
22

.4
 

22
.4

 
23

.4
 

21
.4

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

8 
21

.5
 

22
.4

 
22

.4
 

23
.4

 
21

.4
 

22
.4

 
22

.4
 

23
.3

 
21

.4
 

22
.3

 
22

.3
 

23
.2

 
21

.3
 

22
.2

 
22

.2
 

23
.1

 
9 

21
.5

 
22

.4
 

22
.4

 
23

.4
 

21
.4

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

10
 

21
.5

 
22

.4
 

22
.4

 
23

.4
 

21
.4

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

1 1
 

21
.6

 
22

.4
 

22
.4

 
23

.4
 

21
.5

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

12
 

21
.7

 
22

.5
 

22
.5

 
23

.4
 

21
.5

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

13
 

21
.8

 
22

.6
 

22
.6

 
23

.4
 

21
.6

 
22

.4
 

22
.4

 
23

.3
 

21
.4

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

14
 

21
.9

 
22

.7
 

22
.7

 
23

.5
 

21
.7

 
22

.5
 

22
.5

 
23

.3
 

21
.5

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

15
 

22
.0

 
22

.8
 

22
.8

 
23

.6
 

21
.8

 
22

.6
 

22
.6

 
23

.4
 

21
.5

 
22

.3
 

22
.3

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

16
 

22
.1

 
22

.9
 

22
.9

 
23

.7
 

21
.9

 
22

.7
 

22
.7

 
23

.5
 

21
.6

 
22

.4
 

22
.4

 
23

.2
 

21
.3

 
22

.2
 

22
.2

 
23

.1
 

17
 

22
.2

 
23

.0
 

23
.0

 
23

.8
 

22
.0

 
22

.8
 

22
.8

 
23

.6
 

21
.7

 
22

.5
 

22
.5

 
23

.3
 

21
.4

 
22

.2
 

22
.2

 
23

.1
 

18
 

22
.3

 
23

.1
 

23
.1

 
23

.9
 

22
.1

 
22

.9
 

22
.9

 
23

.7
 

21
.8

 
22

.6
 

22
.6

 
23

.4
 

21
.5

 
22

.3
 

22
.3

 
23

.1
 

19
 

22
.5

 
23

.2
 

23
.2

 
24

.0
 

22
.2

 
23

.0
 

23
.0

 
23

.8
 

21
.9

 
22

.7
 

22
.7

 
23

.4
 

21
.6

 
22

.3
 

22
.3

 
23

.1
 

20
 

22
.6

 
23

.4
 

23
.4

 
24

.1
 

22
.3

 
23

.1
 

23
.1

 
23

.9
 

22
.0

 
22

.8
 

22
.8

 
23

.5
 

21
.6

 
22

.4
 

22
.4

 
23

.2
 

21
 

22
.7

 
23

.5
 

23
.5

 
24

.2
 

22
.4

 
23

.2
 

23
.2

 
24

.0
 

22
.1

 
22

.9
 

22
.9

 
23

.6
 

21
.7

 
22

.5
 

22
.5

 
23

.3
 

22
 

22
.8

 
23

.6
 

23
.6

 
24

.4
 

22
.6

 
23

.3
 

23
.3

 
24

.1
 

22
.2

 
22

.9
 

22
.9

 
23

.7
 

21
.8

 
22

.6
 

22
.6

 
23
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Pipe Size – Inside Rise x Span R x S In Inches
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78
0 

10
64

0 
95

35
 

85
51

 
76

95
 

68
99

Table 55
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Table 62
Ty

p
e 

1 
B

ed
d

in
g

C
la

ss
 I 

C
la

ss
 IV

C
la

ss
 II

 
C

la
ss

 V
C

la
ss

 II
I 

S
pe

ci
al

 D
es

ig
n

 
Fi

ll 
H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

1 
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3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
12

 
 1

85
0 

11
00

 
80

0 
70

0 
65

0 
62

5 
65

0 
67

5 
70

0 
75

0 
80

0 
82

5 
90

0 
95

0 
10

00

 
15

 
17

25
 

10
25

 
77

5 
67

5 
62

5 
62

5 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5

 
18

 
15

50
 

97
5 

75
0 

65
0 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

77
5 

80
0 

87
5 

92
5 

97
5

 
21

 
13

00
 

95
0 

72
5 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

95
0

 
24

 
11

50
 

92
5 

70
0 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

95
0

 
27

 
10

25
 

90
0 

70
0 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

97
5

 
30

 
97

5 
82

5 
67

5 
62

5 
60

0 
60

0 
62

5 
65

0 
67

5 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5

 
33

 
92

5 
77

5 
67

5 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5

 
36

 
90

0 
72

5 
67

5 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
90

0 
95

0 
97

5

 
42

 
82

5 
65

0 
65

0 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
75

0 
77

5 
82

5 
90

0  
   

  9
50

   
  1

00
0

 
48

 
87

5 
65

0 
60

0 
60

0 
60

0 
60

0 
62

5 
67

5 
70

0 
75

0 
80

0 
82

5 
90

0  
   

  9
50

   
  1

00
0

 
54

 
82

5 
65

0 
55

0 
60

0 
60

0 
60

0 
65

0 
67

5 
72

5 
75

0 
80

0 
87

5 
92

5 
95

0 
10

00

 
60

 
82

5 
65

0 
55

0 
55

0 
60

0 
62

5 
65

0 
67

5 
72

5 
77

5 
80

0 
87

5 
92

5 
97

5 
10

25

 
66

 
82

5 
67

5 
55

0 
   

   
55

0 
60

0 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
90

0 
92

5 
97

5 
10

25

 
72

 
80

0 
70

0 
55

0 
55

0 
60

0 
62

5 
67

5 
70

0 
75

0 
77

5 
82

5 
90

0 
95

0 
10

00
 

10
50

 
78

 
72

5 
67

5 
60

0 
60

0 
60

0 
62

5 
67

5 
70

0 
75

0 
80

0 
87

5 
90

0 
95

0 
10

00
 

10
50

 
84

 
70

0 
65

0 
62

5 
60

0 
62

5 
65

0 
67

5 
72

5 
75

0 
80

0 
87

5 
92

5 
97

5 
10

25
 

10
75

 
90

 
65

0 
65

0 
62

5 
60

0 
62

5 
65

0 
67

5 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
75

 
96

 
62

5 
62

5 
62

5 
62

5 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
90

0 
95

0 
10

00
    

  1
05

0 
   

 1
10

0

   
   

  1
02

   
   

   
62

5 
   

  6
25

   
   

 6
25

   
   

 6
25

   
   

65
0 

   
  6

75
   

   
 7

00
   

   
 7

50
   

   
 8

00
   

   
82

5 
   

   
90

0 
   

   
95

0 
   

 1
00

0 
   

 1
05

0 
   

 1
10

0

   
   

  1
08

   
   

   
65

0 
   

  6
00

   
   

 6
25

   
   

 6
25

   
   

 6
50

   
   

67
5 

   
  7

25
   

   
 7

50
   

   
 8

00
   

   
87

5 
   

   
92

5 
   

   
97

5 
   

 1
02

5 
   

 1
07

5 
   

 1
15

0

   
  

F
ill

 H
ei

g
h

t 
Ta

b
le

s 
ar

e 
b

as
ed

 o
n

:
1.

 
gs

 =
 1

20
 p

cf
2.

 A
A

S
H

TO
 H

L-
93

 li
ve

 lo
ad

3.
 P

os
iti

ve
 P

ro
je

ct
in

g 
E

m
ba

nk
m

en
t C

on
di

tio
n 

- 
th

is
 g

iv
es

 c
on

se
rv

at
iv

e 
re

su
lts

 in
 c

om
pa

ris
on

 to
 tr

en
ch

 c
on

di
tio

ns
4.

 A
 T

yp
e 

1 
in

st
al

la
tio

n 
re

qu
ire

s 
gr

ea
te

r 
so

il 
st

iff
ne

ss
 fr

om
 th

e 
su

rr
ou

nd
in

g 
so

ils
 th

an
 th

e 
Ty

pe
 2

, 3
, a

nd
 4

 in
st

al
la

tio
ns

, a
nd

 is
 th

us
 h

ar
de

r 
to

 a
ch

ie
ve

.  
   

   
 T

he
re

fo
re

, fi
el

d 
ve

rifi
ca

tio
n 

of
 s

oi
l p

ro
pe

rt
ie

s 
an

d 
co

m
pa

ct
io

n 
le

ve
ls

 s
ho

ul
d 

be
 p

er
fo

rm
ed

.

T
he

 fo
llo

w
in

g 
F

ill
 H

ei
gh

t T
ab

le
s 

ha
ve

 b
ee

n 
de

ve
lo

pe
d 

by
 th

e 
A

m
er

ic
an

 C
on

cr
et

e 
P

ip
e 

A
ss

oc
ia

tio
n 

(A
C

PA
) 

us
in

g 
th

e 
in

di
re

ct
 d

es
ig

n 
m

et
ho

d 
in

 a
cc

or
da

nc
e 

w
ith

 S
ec

tio
n 

12
.1

0.
4.

3 
of

 th
e 

A
A

S
H

TO
 L

R
F

D
 B

rid
ge

 D
es

ig
n 

S
pe

ci
fic

at
io

n,
 4

th
 E

di
tio

n,
 2

00
7 

w
ith

 2
00

8 
In

te
rim

. L
iv

e 
lo

ad
 w

as
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is
tr

ib
ut

ed
 th

ro
ug

h 
th

e 
pi

pe
 in

 a
cc

or
da

nc
e 

w
ith

 C
ha

pt
er

 4
 

of
 th

e 
A

C
PA
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on

cr
et

e 
P

ip
e 

D
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ig
n 

M
an
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l.
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Table 63

Ty
p

e 
1 

B
ed

d
in

g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30

 
12

 
80

0 
85

0 
90

0 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
50

 
14

00
 

14
50

 
15

00

 
15

 
80

0 
85

0 
90

0 
95

0 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
  

14
75

 
18

 
80

0 
85

0 
90

0 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
21

 
80

0 
85

0 
90

0 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
50

 
24

 
80

0 
85

0 
90

0 
95

0 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
27

 
80

0 
85

0 
90

0 
95

0 
10

00
 

10
25

 
10

75
 

11
25

 
11

75
 

12
25

 
12

75
 

13
25

 
13

75
 

14
25

 
14

75

 
30

 
80

0 
85

0 
90

0 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
25

 
13

75
 

14
25

 
14

75

 
33

 
80

0 
85

0 
90

0 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
50

 
14

00
 

14
50

 
15

00

 
36

 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
50

 
14

00
 

14
50

 
15

00

 
42

 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25

 
48

 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25

 
54

 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25

 
60

 
85

0 
90

0 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
50

 
14

00
 

14
50

 
15

00
 

15
50

 
66

 
85

0 
90

0 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
50

 
14

00
 

14
50

 
15

00
 

15
50

 
72

 
85

0 
92

5 
95

0 
10

00
 

10
50

 
11

00
 

11
50

 
12

00
 

12
50

 
13

00
 

13
75

 
14

25
 

14
75

 
15

25
 

15
75

 
78

 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25
 

15
75

 
84

 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25
 

15
75

 
90

 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

25
 

12
75

 
13

25
 

13
75

 
14

25
 

14
75

 
15

25
 

16
00

 
96

 
87

5 
92

5 
97

5 
10

25
 

10
75

 
11

25
 

11
75

 
12

50
 

13
00

 
13

50
 

14
00

 
14

50
 

15
00

 
15

50
 

16
00

C
la

ss
 I 

C
la

ss
 IV

C
la

ss
 II

 
C

la
ss

 V
C

la
ss

 II
I 

S
pe

ci
al

 D
es

ig
n

F
ill

 H
ei

g
h

t 
T a

b
le

s 
ar

e 
b

as
ed

 o
n

:
1.

 A
 s

oi
l w

ei
gh

t o
f 1

20
 lb

s/
ft3

2.
 A

A
S

H
TO

 H
S

20
 li

ve
 lo

ad
3.

 E
m

ba
nk

m
en

t i
ns

ta
lla

tio
n

 
Fi

ll 
H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
12

 
 1

85
0 

11
00

 
80

0 
70

0 
65

0 
62

5 
65

0 
67

5 
70

0 
75

0 
80

0 
82

5 
90

0 
95

0 
10

00

 
15

 
17

25
 

10
25

 
77

5 
67

5 
62

5 
62

5 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5

 
18

 
15

50
 

97
5 

75
0 

65
0 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

77
5 

80
0 

87
5 

92
5 

97
5

 
21

 
13

00
 

95
0 

72
5 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

95
0

 
24

 
11

50
 

92
5 

70
0 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

95
0

 
27

 
10

25
 

90
0 

70
0 

62
5 

60
0 

60
0 

62
5 

65
0 

67
5 

72
5 

75
0 

80
0 

87
5 

92
5 

97
5

 
30

 
97

5 
82

5 
67

5 
62

5 
60

0 
60

0 
62

5 
65

0 
67

5 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5

 
33

 
92

5 
77

5 
67

5 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5
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90

0 
72

5 
67

5 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
90

0 
95

0 
97

5

 
42

 
82

5 
65

0 
65

0 
60

0 
60

0 
60

0 
62

5 
65

0 
70

0 
75

0 
77

5 
82

5 
90

0  
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50

   
  1

00
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87
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65

0 
60

0 
60

0 
60

0 
60

0 
62

5 
67

5 
70

0 
75

0 
80

0 
82

5 
90

0  
   

  9
50

   
  1

00
0

 
54

 
82

5 
65

0 
55

0 
60

0 
60

0 
60

0 
65

0 
67

5 
72

5 
75

0 
80

0 
87

5 
92

5 
95

0 
10

00

 
60

 
82

5 
65

0 
55

0 
55

0 
60

0 
62

5 
65

0 
67

5 
72
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77

5 
80

0 
87

5 
92
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97
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25
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82
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67
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55
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55

0 
60

0 
62

5 
65
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55
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67
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0 
10

00
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62

5 
60

0 
62

5 
65

0 
67

5 
72

5 
75

0 
80

0 
87

5 
92

5 
97

5 
10

25
 

10
75

 
90

 
65

0 
65

0 
62

5 
60

0 
62

5 
65

0 
67

5 
72

5 
77

5 
82

5 
87

5 
92

5 
97

5 
10

25
 

10
75

 
96

 
62

5 
62

5 
62

5 
62

5 
62

5 
65

0 
70

0 
72

5 
77

5 
82

5 
90

0 
95

0 
10

00
    

  1
05
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10

0

   
   

  1
02

   
   

   
62
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  6
25

   
   

 6
25

   
   

 6
25
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 7

00
   

   
 7

50
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00
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00
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05
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10
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00
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5 
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5 
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0
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Table 64
Ty

p
e 

1 
B

ed
d

in
g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

31
 

32
 

33
 

34
 

35
 

36
 

37
 

38
 

39
 

40
 

41
 

42
 

43
 

44
 

45

 
 1

2 
15

50
 

16
00

 
16

50
 

17
00

 
17

25
 

17
75

 
18

25
 

18
75

 
19

25
 

19
75

 
20

25
 

20
75

 
21

25
 

21
75

 
22

25

 
15

 
15

25
 

15
75

 
16

25
 

16
75

 
17
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00
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00
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00
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00

 
27

 
15
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16
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16
75

 
17

25
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75

 
18

25
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75

 
19

00
 

19
50

 
20

00
 

20
50

 
21

00
 

21
50

 
22

00

 
30

 
15

25
 

15
75

 
16

25
 

16
75

 
17

25
 

17
75

 
18

25
 

18
75

 
19

25
 

19
75

 
20

25
 

20
75

 
21

25
 

21
75

 
22

25

 
33

 
15

50
 

16
00

 
16

50
 

17
00

 
17

50
 

18
00

 
18

50
 

19
00

 
19

50
 

19
75

 
20

25
 

20
75

 
21

25
 

21
75

 
22

25

 
36

 
15

50
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16

50
 

17
00

 
17

50
 

18
00

 
18

50
 

19
00

 
19

50
 

20
00

 
20

50
 

21
00

 
21

50
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00

 
22

50

 
42
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16
25

 
16

75
 

17
00

 
17

50
 

18
00

 
18

50
 

19
00

 
19

50
 

20
00

 
20

50
 

21
00

 
21

50
 

22
00

 
22

50

 
48

 
15

75
 

16
25

 
16

75
 

17
25

 
17

75
 

18
25

 
18

75
 

19
25

 
19

75
 

20
25

 
20

75
 

21
25

 
21

75
 

22
25

 
22

75

 
54

 
15

75
 

16
25

 
16

75
 

17
25

 
17

75
 

18
25

 
18

75
 

19
25

 
19

75
 

20
25

 
20

75
 

21
25

 
21

75
 

22
25

 
22

75

 
60

 
16
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16
50

 
17

00
 

17
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00
 

18
50

 
19

00
 

19
50
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00
 

20
50

 
21

00
 

21
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00
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16

00
 

16
50
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17
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25
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20

25
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21

25
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25
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23

25

 
78
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16
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17

25
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75

 
18

25
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75

 
19

25
 

19
75

 
20

25
 

20
75

 
21

25
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75

 
22

25
 

23
00

 
23

50

 
84

 
16

25
 

16
75

 
17

25
 

17
75

 
18

25
 

19
00

 
19

50
 

20
00

 
20

50
 

21
00

 
21

50
 

22
00

 
22

50
 

23
00

 
23

50

 
90

 
16

50
 

17
00

 
17

50
 

18
00

 
18

50
 

19
00

 
19

50
 

20
00

 
20

50
 

21
00

 
21

50
 

22
00
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50
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00
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50

 
96

 
16

50
 

17
00
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Table 65

Ty
p

e 
1 

B
ed

d
in

g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

46
 

47
 

48
 

49
 

50
 

51
 

52
 

53
 

54
 

55
 

56
 

57
 

58
 

59
 

60

 
12

 
22

75
 

23
25

 
23

75
 

24
25

 
24

75
 

25
25

 
25

75
 

26
25

 
26

75
 

27
25

 
27

75
 

28
25

 
28

75
 

29
25

 
29

75

 
15

 
22

50
 

23
00

 
23

50
 

24
00

 
24

50
 

25
00

 
25

50
 

26
00

 
26

50
 

27
00

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25

 
18

 
22

25
 

22
75

 
23

25
 

23
75

 
24

25
 

24
75

 
25

25
 

25
75

 
26

25
 

26
75

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25

 
21

 
22

25
 

22
75

 
23

25
 

23
75

 
24

25
 

24
75

 
25

25
 

25
75

 
26

25
 

26
75

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25

 
24

 
22

50
 

23
00

 
23

50
 

23
75

 
24

25
 

24
75

 
25

25
 

25
75

 
26

25
 

26
75

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25

 
27

 
22

50
 

23
00

 
23

50
 

24
00

 
24

50
 

25
00

 
25

50
 

26
00

 
26

50
 

27
00

 
27

50
 

27
75

 
28

25
 

28
75

 
29

25

 
30

 
22

75
 

23
25

 
23

75
 

24
25

 
24

50
 

25
00

 
25

50
 

26
00

 
26

50
 

27
00

 
27

50
 

28
00

 
28

50
 

29
00

 
29

50

 
33

 
22

75
 

23
25

 
23

75
 

24
25

 
24

75
 

25
25

 
25

75
 

26
25

 
26

75
 

27
25

 
27

75
 

28
25

 
28

75
 

29
25

 
29

75
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23

00
 

23
50

 
24

00
 

24
50
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00
 

25
50

 
26

00
 

26
50

 
27

00
 

27
50

 
28

00
 

28
50

 
29

00
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50

 
30
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00
 

23
50

 
24

00
 

24
50
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00
 

25
50

 
26

00
 

26
50

 
27

00
 

27
50

 
28

00
 

28
50

 
29

00
 

29
50

 
30

00

 
48

 
23

25
 

23
75

 
24

25
 

24
75

 
25

25
 

25
75

 
26

25
 

26
75

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25
 

29
75

 
30

25

 
54

 
23

25
 

23
75

 
24

25
 

24
75

 
25

25
 

25
75

 
26

25
 

26
75

 
27

25
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75
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25
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75

 
29

25
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75

 
30

25
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23
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24
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24
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50
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00
 

27
50
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00
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50
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00
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50
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00
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50

 
31

00

 
84

 
24
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24
50
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00
 

25
50

 
26
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50

 
27

00
 

27
50

 
28

00
 

28
50

 
29

00
 

29
75

 
30

25
 

30
75
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25
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24
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24
50

 
25
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75

 
26

25
 

26
75

 
27

25
 

27
75

 
28

25
 

28
75

 
29

25
 

29
75
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25
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75
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25
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24

25
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Table 66
Ty

p
e 

2 
B

ed
d

in
g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
12

 
11

50
 

65
0 

47
5 

47
5 

50
0 

52
5 

57
5 

65
0 

70
0 

75
0 

82
5 

90
0 

95
0 

10
25

 
11

00

 
15

 
10

75
 

62
5 

47
5 

45
0 

47
5 

52
5 

57
5 

62
5 

70
0 

75
0 

82
5 

87
5 

95
0 

10
25

 
10

75

 
18

 
10

25
 

60
0 

45
0 

45
0 

47
5 

52
5 

57
5 

62
5 

70
0 

75
0 

82
5 

87
5 

95
0 

10
25

 
10

75

 
21

 
10

00
 

57
5 

45
0 

45
0 

47
5 

52
5 

57
5 

62
5 

70
0 

75
0 

82
5 

87
5 

95
0 

10
25

 
10

75

 
24

 
95

0 
57

5 
45

0 
45

0 
47

5 
52

5 
57

5 
65

0 
70

0 
77

5 
82

5 
90

0 
95

0 
10

25
 

11
00

 
27

 
90

0 
55

0 
45

0 
45

0 
47

5 
52

5 
57

5 
65

0 
70

0 
77

5 
82

5 
90

0 
97

5 
10

25
 

11
00

 
30

 
85

0 
55

0 
45

0 
45

0 
47

5 
52

5 
57

5 
65

0 
70

0 
77

5 
82

5 
90

0 
97

5 
10

25
 

11
00

 
33

 
80

0 
55

0 
42

5 
45

0 
47

5 
52

5 
57

5 
65
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70
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77

5 
85

0 
90

0 
97

5 
10

50
 

11
00

 
36

 
77

5 
52

5 
42

5 
45
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47

5 
52

5 
60
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65

0 
72

5 
77

5 
85

0 
90

0 
97

5 
10

50
 

11
25
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67

5 
52

5 
42

5 
45

0 
47

5 
52

5 
60

0 
65

0 
72

5 
77

5 
85

0 
92

5 
97

5 
10

50
 

11
25

 
48

 
62

5 
50

0 
42

5 
45

0 
47

5 
55

0 
60

0 
65

0 
72

5 
77

5 
85

0 
92

5 
97

5 
10

50
 

11
25

 
54

 
60

0 
47

5 
42

5 
45

0 
50

0 
55

0 
60

0 
65

0 
72

5 
80

0 
85

0 
92

5 
10

00
 

10
50

 
11

25

 
60

 
57

5 
45

0 
42

5 
45

0 
50

0 
55

0 
60

0 
67

5 
72

5 
80

0 
85

0 
92

5 
10

00
 

10
75

 
11

25

 
66

 
57

5 
45

0 
40

0 
45

0 
50

0 
55

0 
60

0 
67

5 
72

5 
80

0 
87

5 
95

0 
10

00
 

10
75

 
11

50

 
72

 
57

5 
45

0 
40

0 
45

0 
50

0 
55

0 
60

0 
67
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75

0 
80

0 
87

5 
95

0 
10

25
 

10
75

 
11

50

 
78

 
52

5 
45
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40

0 
45

0 
50

0 
55

0 
62

5 
67

5 
75

0 
80

0 
87

5 
95

0 
10

25
 

10
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11

50

 
84

 
47

5 
42

5 
40

0 
45

0 
50

0 
55

0 
62

5 
67

5 
75

0 
82

5 
87

5 
95

0 
10

25
 

10
75

 
11

50

 
90

 
45

0 
42
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40
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45
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50
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55
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62
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67
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75
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82
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95
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42
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Table 67

Ty
p

e 
2 

B
ed

d
in

g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30

 
12

 
11

50
 

12
25

 
12

75
 

13
50

 
14

25
 

15
00

 
15

50
 

16
25

 
17

00
 

17
50

 
18

25
 

19
00

 
19

75
 

20
50

 
21

25

 
15

 
11

50
 

12
00

 
12

75
 

13
25

 
14

00
 

14
75

 
15

50
 

16
25

 
16

75
 

17
50

 
18

25
 

18
75

 
19

50
 

20
25

 
21

00

 
18

 
11

50
 

12
00

 
12

75
 

13
50

 
14

00
 

14
75

 
15

50
 

16
00

 
16

75
 

17
50

 
18

25
 

18
75

 
19

50
 

20
25

 
21

00

 
21

 
11

50
 

12
00

 
12

75
 

13
50

 
14

00
 

14
75

 
15

50
 

16
25

 
16

75
 

17
50

 
18

25
 

19
00

 
19

75
 

20
25

 
21

00

 
24

 
11

50
 

12
25

 
13

00
 

13
50

 
14

25
 

15
00

 
15

50
 

16
25

 
17

00
 

17
75

 
18

50
 

19
00

 
19

75
 

20
50

 
21

25

 
27

 
11

50
 

12
25

 
13

00
 

13
50

 
14

25
 

15
00

 
15

75
 

16
25

 
17

00
 

17
75

 
18

50
 

19
25

 
19

75
 

20
50

 
21

25

 
30

 
11

50
 

12
25

 
13

00
 

13
50

 
14

25
 

15
00

 
15

75
 

16
50

 
17

00
 

17
75

 
18

50
 

19
25

 
20

00
 

20
50

 
21

25

 
33

 
11

50
 

12
25

 
13

00
 

13
75

 
14

25
 

15
00

 
15

75
 

16
50

 
17

25
 

18
00

 
18

50
 

19
25

 
20

00
 

20
75

  
21

50

 
36

 
11

75
 

12
50

 
13

00
 

13
75

 
14

50
 

15
25

 
16

00
 

16
50

 
17

25
 

18
00

 
18

75
 

19
50

 
20

00
 

20
75

 
21

50

 
42

 
11

75
 

12
50

 
13

25
 

13
75

 
14

50
 

15
25

 
16

00
 

16
75

 
17

25
 

18
00

 
18

75
 

19
50

 
20

25
 

20
75

 
21

50

 
48

 
11

75
 

12
50

 
13

25
 

14
00

 
14

50
 

15
25

 
16

00
 

16
75

 
17

25
 

18
00

 
18

75
 

19
50

 
20

25
 

21
00

 
21

50

 
54

 
11

75
 

12
50

 
13

25
 

14
00

 
14

50
 

15
25

 
16

00
 

16
75

 
17

50
 

18
25

 
18

75
 

19
50

 
20

25
 

21
00

 
21

75

 
60

 
12

00
 

12
50

 
13

25
 

14
00

 
14

75
 

15
50

 
16

00
 

16
75

 
17

50
 

18
25

 
19

00
 

19
75

 
20

50
 

21
00

 
21

75

 
66

 
12

00
 

12
75

 
13

50
 

14
00

 
14

75
 

15
50

 
16

25
 

17
00

 
17

75
 

18
25

 
19

00
 

19
75

 
20

50
 

21
25

 
22

00

 
72

 
12

00
 

12
75

 
13

50
 

14
25

 
15

00
 

15
50

 
16

25
 

17
00

 
17

75
 

18
50

 
19

25
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00
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25
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00

 
78

 
12

00
 

12
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14
25

 
15

00
 

15
75

 
16

25
 

17
00

 
17

75
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50
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25
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00
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25
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00

 
84

 
12

25
 

12
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14
25

 
15

00
 

15
75

 
16

25
 

17
00

 
17

75
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50

 
19

25
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00
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75
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25
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00
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12

25
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00
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75
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50
 

17
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50
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25
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00
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Table 68
Ty

p
e 

2 
B

ed
d

in
g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

31
 

32
 

33
 

34
 

35
 

36
 

37
 

38
 

39
 

40
 

41
 

42
 

43
 

44
 

45

 
12

 
21

75
 

22
50

 
23

25
 

24
00

 
24

50
 

25
25

 
26

00
 

26
75

 
27

50
 

28
00

 
28

75
 

29
50

 
30

25
 

31
00

 
31

50

 
15

 
21

50
 

22
25

 
23

00
 

23
75

 
24

50
 

25
00

 
25

75
 

26
50

 
27

25
 

27
75

 
28

50
 

29
25

 
30

00
 

30
75

 
31

25

 
18

 
21

50
 

22
25

 
23

00
 

23
75

 
24

50
 

25
00

 
25

75
 

26
50

 
27

25
 

27
75

 
28

50
 

29
25

 
30

00
 

30
50

 
31

25

 
21

 
21

75
 

22
50

 
23

00
 

23
75

 
24

50
 

25
25

 
26

00
 

26
50

 
27

25
 

28
00

 
28

75
 

29
25

 
30

00
 

30
75

 
31

50

 
24

 
22

00
 

22
50

 
23

25
 

24
00

 
24

75
 

25
50

 
26

00
 

26
75

 
27

50
 

28
25

 
29

00
 

29
50

 
30

25
 

31
00

 
31

75

 
27

 
22

00
 

22
75

 
23

25
 

24
00

 
24

75
 

25
50

 
 2

62
5 

26
75

 
27

50
 

28
25

 
29

00
 

29
75

 
30

25
 

31
00

 
31

75

 
30

 
22

00
 

22
75

 
23

50
 

24
00

 
24

75
 

25
50

 
26

25
 

27
00

 
27

50
 

28
25

 
29

00
 

29
75

 
30

50
 

31
25

 
31

75

 
33

 
22

00
 

22
75

 
23

50
 

24
25

 
25

00
 

25
75

 
26

25
 

27
00

 
27

75
 

28
50

 
29

25
 

29
75

 
30

50
 

31
25

 
32

00

 
36

 
22

25
 

23
00

 
23

75
 

24
25

 
25

00
 

25
75

 
26

50
 

27
25

 
28

00
 

28
50

 
29

25
 

30
00

 
30

75
 

31
50

 
32

25

 
42

 
22

25
 

23
00

 
23

75
 

24
50

 
25

00
 

25
75

 
26

50
 

27
25

 
28

00
 

28
50

 
29

25
 

30
00

 
30

75
 

31
50

 
32

25

 
48

 
22

25
 

23
00

 
23

75
 

24
50

 
25

25
 

25
75

 
26

50
 

27
25

 
28

00
 

28
75

 
29

50
 

30
00

 
30

75
 

31
50

 
32

25

 
54

 
22

50
 

23
00

 
23

75
 

24
50

 
25

25
 

26
00

 
26

75
 

27
25

 
28

00
 

28
75

 
29

50
 

30
25

 
31

00
 

31
75

 
32

25

 
60

 
22

50
 

23
25

 
24

00
 

24
75

 
25

25
 

26
00

 
26

75
 

27
50

 
28

25
 

29
00

 
29

75
 

30
25

 
31

00
 

31
75

 
32

50

 
66

 
22

75
 

23
25

 
24

00
 

24
75

 
25

50
 

26
25

 
27

00
 

27
75

 
28

25
 

29
00

 
29

75
 

30
50

 
31

25
 

32
00

 
32

75

 
72

 
22

75
 

23
50

 
24

25
 

25
00

 
25

75
 

26
25

 
27

00
 

27
75

 
 2

85
0 

29
25

 
30

00
 

30
75

 
31

25
 

32
00

 
32

75

 
78

 
22

75
 

23
50

 
24

25
 

25
00

 
25

75
 

26
25

 
27

00
 

27
75

 
28

50
 

29
25

 
30

00
 

30
75

 
31

25
 

32
00

 
32

75

 
84

 
22

75
 

23
50

 
24

25
 

25
00

 
25

75
 

26
25

 
27

00
 

27
75

 
28

50
 

29
25

 
30

00
 

30
75

 
31

25
 

32
00

 
32

75

 
90

 
22

75
 

23
50

 
24

25
 

25
00

 
25

75
 

26
25

 
27

00
 

27
75

 
28

50
 

29
25

 
30

00
 

30
75

 
31

25
 

32
00

  
32

75

 
96

 
22

75
 

23
50

 
24

25
 

25
00

 
25

75
 

26
25

 
27

00
 

27
75

 
28

50
 

29
25

 
30

00
 

30
75

 
31

25
 

32
00

 
32

75
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Table 69

Ty
p

e 
3 

B
ed

d
in

g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
16

 
17

 
18

 
12

 
11

75
 

70
0 

55
0 

55
0 

60
0 

65
0 

72
5 

80
0 

87
5 

95
0 

10
50

 
11

25
 

12
00

 
13

00
 

13
75

 
14

75
 

15
50

 
16

50

 
15

 
11

00
 

67
5 

52
5 

55
0 

57
5 

65
0 

70
0 

77
5 

87
5 

95
0 

10
25

 
11

00
 

12
00

 
12

75
 

13
75

 
14

50
 

15
25

 
16

00

 
18

 
10

50
 

65
0 

52
5 

52
5 

57
5 

65
0 

70
0 

77
5 

85
0 

95
0 

10
25

 
11

00
 

12
00

 
12

75
 

13
50

 
14

25
 

15
25

 
16

00

 
21

 
10

00
 

62
5 

50
0 

52
5 

57
5 

65
0 

70
0 

77
5 

85
0 

95
0 

10
25

 
11

00
 

12
00

 
12

75
 

13
50

 
14

25
 

15
25

 
16

00

 
24

 
97

5 
60

0 
50

0 
52

5 
57

5 
65

0 
70

0 
77

5 
85

0 
95

0 
10

25
 

11
00

 
12

00
 

12
75

 
13

50
 

14
50

 
15

25
 

16
00

 
27

 
92

5 
60

0 
50

0 
52

5 
57

5 
65

0 
70

0 
80

0 
87

5 
95

0 
10

25
 

11
25

 
12

00
 

12
75

 
13

75
 

14
50

 
15

25
 

16
00

 
30

 
87

5 
60

0 
50

0 
52

5 
57

5 
65

0 
72

5 
80

0 
87

5 
95

0 
10

50
 

11
25

 
12

00
 

13
00

 
13

75
 

14
50

 
15

25
 

16
25

 
33

 
82

5 
57

5 
50

0 
52

5 
57

5 
65

0 
72

5 
80

0 
87

5 
95

0 
10

50
 

11
25

 
12

25
 

13
00

 
13

75
 

14
50

 
15

50
 

16
25

 
36

 
80

0 
57

5 
50

0 
52

5 
57

5 
65

0 
72

5 
80

0 
87

5 
97

5 
10

50
 

11
50

 
12

25
 

13
00

 
14

00
 

14
75

 
15

50
 

16
50

 
42

 
70

0 
57

5 
50

0 
52

5 
60

0 
65

0 
72

5 
80

0 
90

0 
97

5 
10

50
 

11
50

 
12

25
 

13
25

 
14

00
 

14
75

 
15

75
 

16
50

 
48

 
65

0 
55

0 
50

0 
52

5 
60

0 
65

0 
72

5 
82

5 
90

0 
97

5 
10

75
 

11
50

 
12

50
 

13
25

 
14

25
 

14
75

 
15

75
 

16
50

 
54

 
62

5 
52

5 
50

0 
52

5 
60

0 
67

5 
75

0 
82

5 
90

0 
10

00
 

10
75

 
11

50
 

12
50

 
13

50
 

14
25

 
15

00
 

15
75

 
16

75

 
60

 
62

5 
50

0 
50

0 
52

5 
60

0 
67

5 
75

0 
82

5 
92

5 
10

00
 

10
75

 
11

75
 

12
50

 
13

50
 

14
25

 
15

00
 

16
00

 
17

00

 
66

 
60

0 
50

0 
47

5 
55

0 
60

0 
67

5 
75

0 
85

0 
92

5 
10

00
 

11
00

 
11

75
 

12
75

 
13

50
 

14
50

 
15

25
 

16
00

 
17

00

 
72

 
60

0 
50

0 
47

5 
55

0 
60

0 
67

5 
77

5 
85

0 
92

5 
10

25
 

11
00

 
12

00
 

12
75

 
13

75
 

14
50

 
15

25
 

16
25

 
17

25

 
78

 
55

0 
50

0 
47

5 
55

0 
60

0 
67

5 
77

5 
85

0 
92

5 
10

25
 

11
00

 
12

00
 

13
00

 
13

75
 

14
75

 
15

50
 

16
25

 
17

25

 
84

 
52

5 
50

0 
47

5 
55

0 
62

5 
70

0 
77

5 
85

0 
95

0 
10

25
 

11
00

 
12

00
 

13
00

 
13

75
 

14
75

 
15

50
 

16
25

 
17

25

 
90

 
47

5 
50

0 
47

5 
55

0 
62

5 
70

0 
77

5 
85

0 
95

0 
10

25
 

11
25

 
12

00
 

13
00

 
13

75
 

14
75

 
15

50
 

16
25

 
17

25

 
96

 
45

0 
47

5 
47

5 
55

0 
62

5 
70

0 
77

5 
85

0 
95

0 
10

25
 

11
25

 
12

00
 

13
00

 
13

75
 

14
75

 
15

50
 

16
50

 
17

25
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Table 70
Ty

p
e 

3 
B

ed
d

in
g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30
 

31
 

32
 

33
 

34
 

35

 
12

 
17

25
 

18
25

 
19

00
 

20
00

 
20

75
 

21
75

 
22

50
 

23
50

 
24

25
 

25
25

 
26

00
 

27
00

 
28

00
 

28
75

 
29

75
 

30
50

 
31

50

 
15

 
17

00
 

17
75

 
18

75
 

19
50

 
20

50
 

21
25

 
22

25
 

23
00

 
24

00
 

24
75

 
25

75
 

26
75

 
27

50
 

28
50

 
29

25
 

30
25

 
31

00

 
18

 
16

75
 

17
75

 
18

50
 

19
50

 
20

25
 

21
25

 
22

00
 

23
00

 
23

75
 

24
75

 
25

50
 

26
50

 
27

25
 

28
25

 
29

00
 

30
00

 
30

75

 
21

 
16

75
 

17
75

 
18

50
 

19
50

 
20

25
 

21
25

 
22

00
 

23
00

 
23

75
 

24
75

 
25

50
 

26
50

 
27

50
 

28
25

 
29

00
 

30
00

 
30

75

 
24

 
17

00
 

17
75

 
18

75
 

19
50

 
20

25
 

21
25

 
22

00
 

23
00

 
23

75
 

24
75

 
25

50
 

26
50

 
27

25
 

28
25

 
29

00
 

30
00

 
30

75

 
27

 
17

00
 

17
75

 
18

75
 

19
50

 
20

50
 

21
25

 
22

25
 

23
00

 
24

00
 

24
75

 
25

75
 

26
50

 
27

50
 

28
25

 
29

25
 

30
00

 
31

00

 
30

 
17

00
 

18
00

 
18

75
 

19
75

 
20

50
 

21
50

 
22

25
 

23
25

 
24

00
 

25
00

 
25

75
 

26
75

 
27

50
 

28
50

 
29

50
 

30
25

 
31

25

 
33

 
17

25
 

18
00

 
19

00
 

19
75

 
20

75
 

21
50

 
22

50
 

23
50

 
24

25
 

25
25

 
26

00
 

27
00

 
27

75
 

28
75

 
29

50
 

30
50

 
31

25

 
36

 
17

50
 

18
25

 
19

25
 

20
00

 
21

00
 

21
75

 
22

75
 

23
50

 
24

50
 

25
25

 
26

25
 

27
25

 
28

00
 

29
00

 
29

75
 

30
75

 
31

50

 
42

 
17

50
 

18
25

 
19

25
 

20
00

 
21

00
 

21
75

 
22

75
 

23
75

 
24

50
 

25
50

 
26

25
 

27
25

 
28

00
 

29
00

 
30

00
 

30
75

 
31

75

 
48

 
17

50
 

18
50

 
19

25
 

20
25

 
21

00
 

22
00

 
22

75
 

23
75

 
24

75
 

25
50

 
26

50
 

27
25

 
28

25
 

29
00

 
30

00
 

31
00

 
31

75

 
54

 
17

50
 

18
50

 
19

50
 

20
25

 
21

25
 

22
00

 
23

00
 

24
00

 
24

75
 

25
75

 
26

50
 

27
50

 
28

50
 

29
25

 
30

25
 

31
00

 
32

00

 
60

 
17

75
 

18
75

 
19

50
 

20
50

 
21

25
 

22
25

 
23

25
 

24
00

 
25

00
 

25
75

 
26

75
 

27
75

 
28

50
 

29
50

 
30

25
 

31
25

 
32

25

 
66

 
18

00
 

18
75

 
19

75
 

20
50

 
21

50
 

22
50

 
23

25
 

24
25

 
25

25
 

26
00

 
27

00
 

27
75

 
28

75
 

29
75

 
30

50
 

31
50

 
32

50

 
72

  
18

00
 

19
00

 
20

00
 

20
75

 
21

75
 

22
50

 
23

50
 

24
50

 
25

25
 

26
25

 
27

25
 

28
00

 
29

00
 

30
00

 
30

75
 

31
75

 
32

50

 
78

 
18

00
 

19
00

 
20

00
 

20
75

 
21

75
 

22
50

 
23

50
 

24
50

 
25

25
 

26
25

 
27

25
 

28
00

 
29

00
 

30
00

 
30

75
 

31
75

 
32

50

 
84

 
18

00
 

19
00

 
20

00
 

20
75

 
21

75
 

22
75

 
23

50
 

24
50

 
25

25
 

26
25

 
27

25
 

28
00

 
29

00
 

30
00

 
30

75
 

31
75

 
32

75

 
90

 
18

25
 

19
00

 
20

00
 

20
75

 
21

75
 

22
75

 
23

50
 

24
50

 
25

50
 

26
25

 
27

25
 

28
00

 
29

00
 

30
00

 
30

75
 

31
75

 
32

75

 
96

 
18

25
 

19
00

 
20

00
 

21
00

 
21

75
 

22
75

 
23

50
 

24
50

 
25

50
 

26
25

 
27

25
 

28
00

 
29

00
 

30
00

 
30

75
 

31
75

 
32

75
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Table 71

Ty
p

e 
4 

B
ed

d
in

g

 
F

ill
 H

ei
g

h
t 

(f
ee

t)

 
P

ip
e 

i.d
.

 
(i

n
ch

es
) 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
12

 
15

50
 

95
0 

75
0 

80
0 

87
5 

95
0 

10
75

 
12

00
 

13
25

 
14

50
 

15
75

 
17

00
 

18
25

 
19

50
 

21
00

 
15

 
14

50
 

90
0 

75
0 

77
5 

85
0 

95
0 

10
50

 
11

50
 

12
75

 
14

00
 

15
25

 
16

50
 

17
75

 
19

00
 

20
50

 
18

 
13

75
 

85
0 

72
5 

75
0 

82
5 

92
5 

10
50

 
11

50
 

12
50

 
13

75
 

15
00

 
16

25
 

17
50

 
19

00
 

20
25

 
21

 
13

25
 

85
0 

70
0 

75
0 

82
5 

92
5 

10
25

 
11

25
 

12
50

 
13

75
 

15
00

 
16

00
 

17
50

 
18

75
 

20
00

 
24

 
12

75
 

82
5 

70
0 

72
5 

80
0 

90
0 

10
00

 
11

25
 

12
50

 
13

50
 

14
75

 
16

00
 

17
25

 
18

50
 

19
75

 
27

 
11

50
 

80
0 

70
0 

72
5 

80
0 

90
0 

10
00

 
11

25
 

12
25

 
13

50
 

14
75

 
16

00
 

17
25

 
18

50
 

19
75

 
30

 
10

25
 

80
0 

67
5 

72
5 

80
0 

90
0 

10
00

 
11

00
 

12
25

 
13

50
 

14
75

 
16

00
 

17
00

 
18

50
 

19
50

 
33

 
92

5 
77

5 
67

5 
72

5 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

75
 

16
00

 
17

00
 

18
25

 
19

50

 
36

 
85

0 
75

0 
67

5 
72

5 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

50
 

15
75

 
17

00
 

18
25

 
19

50

 
42

 
75

0 
75

0 
65

0 
72

5 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

50
 

15
75

 
17

00
 

18
25

 
19

50

 
48

 
70

0 
67

5 
65

0 
72

5 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

50
 

15
75

 
17

00
 

18
25

 
19

50

 
54

 
67

5 
62

5 
65

0 
72

5 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

50
 

15
75

 
17

00
 

18
25

 
19

50

 
60

 
67

5 
60

0 
65

0 
70

0 
80

0 
90

0 
10

00
 

11
00

 
12

25
 

13
50

 
14

50
 

15
75

 
17

00
 

18
25

  
19

50

 
66

 
65

0 
57

5 
62

5 
70

0 
80

0 
90

0 
10

00
 

11
25

 
12

25
 

13
50

 
14

75
 

16
00

 
17

00
 

18
25

 
19

50

 
72

 
65

0 
57

5 
60

0 
70

0 
80

0 
90

0 
10

00
 

11
25

 
12

25
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Figure 213
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*Fill for embankment installations
  DL/Bc = 1.40wH with w = 18.85kN/m3
 1.40 = Vertical Arching Factor

Figure 215   Loads on Concrete Pipe Installed Under Railways

 “Part 10 reinforced Concrete Culvert Pipe, Chapter 8, Concrete structures and Foundations, AremA manual of railway 
engineering”, American railway engineering and maintenance-of-Way Association, 1999.

* Fill for embankment installations DL/Bc = 1.40wH with 
w = 120pcf 1.40 = Vertical Arching Factor
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Table A-1
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Table A-3
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Table A-5
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Table A-7
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Table A-9
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Table A-11
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Table A-13
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Table A-14b
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Table A-14d
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Table A-14f
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Table A-16
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Table A-17b
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Table A-17d
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APPENDIX B

LOADS AND SUPPORTING 
STRENGTHS

Based on Marston/Spangler Design Procedure

the design procedure for the selection of pipe strength requires:

 i . Determination of earth Load
 2. Determination of Live Load
 3. selection of Bedding
 4. Determination of Bedding Factor
 5. Application of Factor of safety
 6. selection of Pipe strength

TYPES OF INSTALLATIONS

the earth load transmitted to a pipe is largely dependent on the type 
of installation, and the three common types are trench, Positive Projecting 
embankment, and negative Projecting embankment. Pipe are also installed by 
jacking or tunneling methods where deep installations are necessary or where 
conventional open excavation and backfill methods may not be feasible. the 
essential features of each of these installations are shown in Figure 146.

Trench. this type of installation is normally used in the construction of 
sewers, drains and water mains. the pipe is installed in a relatively narrow trench 
excavated in undisturbed soil and then covered with backfill extending to the 
ground surface.

Wd = CdwBd                                                                            B12

Cd is further defined as:

Cd =                                                                                        B2
2Kμ'

1 – e – 2Kμ'
H
Bd

Note: In 1996 AASHTO adopted the Standard Installations as presented in Chapter 4 of this manual, and eliminated 
the use of the Marston/Spangler beddings and design procedure for circular concrete pipe. The Standard Installations 
and the design criteria in Chapter 4 are the preferred method of ACPA. The older and less quantitative Marston/Spangler 
beddings and the design method associated with them are presented in this Appendix for those agencies and individuals 
still using this method.
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tables B1 through B30 are based on equation (B1) and list backfill loads in 
pounds per linear foot for various heights of backfill and trench widths. there are 
four tables for each circular pipe size based on Kµ' = 0.165, 0.150, 0.130 and 
0.110. the “transition Width” column gives the trench width at which the backfill 
load on the pipe is a maximum and remains constant regardless of any increase 
in the width of the trench. For any given height of backfill, the maximum load at 
the transition width is shown by bold type.

Figures B1 through B8 also present backfill loads for circular pipe installed 
in a trench condition. For elliptical and arch pipe, Figures 155 through 178 in the 
main body of the manual may be used. the solid lines represent trench widths 
and the dashed lines represent pipe size for the evaluation of transition widths 
and maximum backfill loads. if, when entering the figures from the horizontal 
axis, the dashed line representing pipe size is interesected before the solid line 
representing trench width, the actual trench width is wider than the transition width 
and the maximum backfill load should be read at the intersection of the height of 
backfill and the dashed line representing pipe size.

Positive Projecting Embankment. this type of installation is normally used 
when the culvert is installed in a relatively flat stream bed or drainage path. the 
pipe is installed on the original ground or compacted fill and then covered by an 
earth fill or embankment. the fill load on a pipe installed in a positive projecting 
embankment condition is computed by the equation:

Wc = CcwBc                                                                                     B32

C, is further defined as:

Cc =                         when H ≤ He                                                  B4

Cc =                       +           –           e               when H > He         B5

and

2Kµ

2Kµ' Bc

H

Bc

He

e           – 12Kµ H
Bc

e           – 12Kµ
He

Bc 2Kµ
He

Bc

the settlements which influence loads on positive projecting embankment 
installations are shown in illustration B1. to evaluate the He term in equation 
(B5), it is necessary to determine numerically the relationship between the pipe 
deflection and the relative settlement between the prism of fill directly above 
the pipe and the adjacent soil. this relationship is defined as a settlement ratio, 
expressed as:

rsd =                                                                                                B6
Sm

(Sm + Sg) - (Sf +dc)

1. Pipe widths are based on a wall thickness equivalent to thicknesses indicated for Wall B in Astm C 76 and designated 
thicknesses in other applicable Astm standards. Loads corresponding to these wall thicknesses are sufficiently 
accurate for the normal range of pipe widths for any particular pipe size. For extra heavy wall thicknesses, resulting in a 
pipe width considerably in excess of the normal range, interpolation within the tables and Figures may be necessary.
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the fill load on a pipe installed in a positive projecting embankment condition 
is influenced by the product of the settlement ratio (rsd) and the projection ratio (p). 
the projection ratio (p) is the vertical distance the pipe projects above the original 
ground divided by the outside vertical height of the pipe (B'c). recommended 
settlement ratio design values are listed in table B-31.

Figures B-9 through B-13 include fill loads in pounds per linear foot for 
circular pipe under various fill heights and pipe sizes based on rsdp values of 0, 
0.1, 0.3, 0.5 and 1.0. For elliptical pipe, Figures 179 through 193 in the main body 
of the manual may be used. the dashed H = He line represents the condition 
where the height of the plane of equal settlement (He) is equal to the height of fill 
(H).

Negative Projecting Embankment. this type of installation is normally 
used when the culvert is installed in a relatively narrow and deep stream bed or 
drainage path. the pipe is installed in a shallow trench of such depth that the top 
of the pipe is below the natural ground surface or compacted fill and then covered 
with an earth fill or embankment which extends above the original ground level. 
the fill load on a pipe installed in a negative projecting embankment condition is 
computed by the equation:

Illustration B.1 settlements Which influence Loads  
Positive Projecting embankment installation

TOP OF EMBANKMENT

Bc

Plane of Equal Settlement

He

H

H - He

pB'c
B'c

Sf + dc

Sg

Sm + Sg

Sf

Critical Plane

Ground Surface

Shearing Forces
Induced By
Settlement

Initial Elevation
Final Elevation
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Wn = CnwBd                                                                                     B72

Cn is further defined as:

Cn =                            when H ≤ He                                                B8

Cn =                         +           –           e               when H > He        B9

and

( )
– 2Kµ

– 2Kµ' Bd

H

Bd

He

e             – 1 – 2Kµ H
Bd

e            – 1– 2Kµ
He

Bd – 2Kµ
He

Bd

When the material within the subtrench is densely compacted, equation (B7) 
can be expressed as Wn = CnwBdB'd where B'd is the average of the trench width 
and the outside diameter of the pipe.

the settlements which influence loads on negative projecting embankment 
installations are shown in illustration B2. As in the case of the positive projecting 
embankment installation, it is necessary to define the settlement ratio. equating 

Illustration B.2 settlements Which influence Loads 
negative Projecting embankment installation

TOP OF EMBANKMENT

Bc

Bd

Plane of Equal Settlement

H'

H
 =

 H
'  +

 p
'B

d 

H'e

p'Bd

Sf + dc

Sg
Sd + Sf + dc

Sf

Ground Surface

Shearing Forces
Induced By
Settlement

Initial Elevation
Final Elevation
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the deflection of the pipe and the total settlement of the prism of fill above the pipe 
to the settlement of the adjacent soil:

rsd =                                                                                              B10
Sd

Sg – (Sd+ Sf + dc)

recommended settlement ratio design values are listed in table B-31. the 
projection ratio (p') for this type of installation is the distance from the top of the 
pipe to the surface of the natural ground or compacted fill at the time of installation 
divided by the width of the trench. Where the ground surface is sloping, the 
average vertical distance from the top of the pipe to the original ground should be 
used in determining the projection ratio (p'). Figures 194 through 213 present fill 
loads in pounds per linear foot for circular pipe based on projection ratios of 0.5, 
1.0, 1.5, 2.0 and settlement ratios of 0, -0.1, -0.3, -0.5 and -1.0. the dashed H = 
p'Bd line represents the limiting condition where the height of fill is at the same 
elevation as the natural ground surface. the dashed H = He, line represents the 
condition where the height of the plane of equal settlement (He) is equal to the 
height of fill (H).

SELECTION OF BEDDING

A bedding is provided to distribute the vertical reaction around the lower 
exterior surface of the pipe and reduce stress concentrations within the pipe wall. 
the load that a concrete pipe will support depends on the width of the bedding 
contact area and the quality of the contact between the pipe and bedding. An 
important consideration in selecting a material for bedding is to be sure that 
positive contact can be obtained between the bed and the pipe. since most 
granular materials will shift to attain positive contact as the pipe settles an ideal 
load distribution can be attained through the use of clean coarse sand, well-
rounded pea gravel or well-graded crushed rock.

Trench Beddings. Four general classes of bedding for the installation of 
circular pipe in a trench condition are illustrated in Figure B-14. trench bedding for 
horizontal elliptical, arch and vertical elliptical pipe are shown in Figure B-15.

Embankment Beddings. Four general classes of bedding for the installation 
of circular pipe in an embankment condition are shown in Figure B-16. 
embankment beddings for horizontal elliptical, arch and vertical elliptical pipe are 
shown in Figure B-17. Class A through D bedding classifications are presented 
as a guideline which should be reasonably attainable under field conditions. to 
assure that the in-place supporting strength of the pipe is adequate, the width 
of the band of contact between the pipe and the bedding material should be 
in accordance with the specified class of bedding. With the development of 
mechanical methods for subgrade preparation, pipe installation, backfilling and 
compaction, the flat bottom trench with granular foundation is generally the more 
practical method of bedding. if the pipe is installed in a flat bottom trench, it is 
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essential that the bedding material be uniformly compacted under the haunches of 
the pipe.

DETERMINATION OF BEDDING FACTOR

Under installed conditions the vertical load on a pipe is distributed over its 
width and the reaction is distributed in accordance with the type of bedding. When 
the pipe strength used in design has been determined by plant testing, bedding 
factors must be developed to relate the in-place supporting strength to the more 
severe plant test strength. the bedding factor is the ratio of the strength of the 
pipe under the installed condition of loading and bedding to the strength of the 
pipe in the plant test. this same ratio was defined originally by spangler as the 
load factor. this latter term, however, was subsequently defined in the ultimate 
strength method of reinforced concrete design with an entirely different meaning. 
to avoid confusion, therefore, spangler’s term was renamed the bedding factor. 
the three-edge bearing test as shown in illustration B.3 is the normally accepted 
plant test so that all bedding factors described below relate the in-place supporting 
strength to the three-edge bearing strength.

the bedding factor for a particular pipeline, and consequently the supporting 
strength of the buried pipe, depends upon two characteristics of the installation:

• Width and quality of contact between the bedding and the pipe
• Magnitude of the lateral pressure and the portion of the vertical area of the 

pipe over which it is effective

since the sidefill material can be more readily compacted for pipe installed 
in a positive projection embankment condition, the effect of lateral pressure is 
considered in evaluating the bedding factor. For trench installations, the effect 

Illustration B.3 three-edge Bearing test

Rigid 
Steel

Member

Bearing
Strips
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of lateral pressure was neglected in development of bedding factors. instead of 
a general theory as for the embankment condition, spangler, from analysis of 
test installations, established conservative fixed bedding factors for each of the 
standard classes of bedding used for trench installations.

Trench Bedding Factors. Conservative fixed bedding factors for pipe 
installed in a narrow trench condition are listed below the particular classes of 
beddings shown in Figures B-14 and B-15.

Both spangler and schlick, in early iowa engineering experiment stations 
publications, postulate that some active lateral pressure is developed in trench 
installations before the transition width is reached. experience indicates that the 
active lateral pressure increases as the trench width increases from a very narrow 
width to the transition width, provided the sidefill is compacted. Defining the 
narrow trench width as a trench having a width at the top of the pipe equal to or 
less than the outside horizontal span plus one foot, and assuming a conservative 
linear variation, the variable trench bedding factor can be determined by:

Bfv = ( Bfe  – Bft)                            + Bft                                          B11
Bd – (Bc+ 1.0)
Bdt – (Bc+ 1.0)

Where:
 Bc = outside horizontal span of pipe, feet
 Bd = trench width at top of pipe, feet
 Bdt = transition width at top of pipe, feet
 Bfe = bedding factor, embankment
 Bft = fixed bedding factor, trench
 Bfv = variable bedding factor, trench

A six-step design procedure for determining the trench variable bedding 
factor is:

• Determine the trench fixed bedding factor, Bft

• Determine the trench width, Bd

• Determine the transition width for the installation conditions, Bdt

• Determine H/Bc ratio, settlement ratio, rsd, projection ratio, p, and the 
product of the settlement and projection ratios, rsdp

• Determine positive projecting embankment bedding factor, Bfe

• Calculate the trench variable bedding factor, Bfv

Positive Projecting Embankment Bedding Factors. For pipe installed in 
a positive projecting embankment condition, active lateral pressure is exerted 
against the sides of the pipe. Bedding factors for this type of installation are 
computed by the equation:

Bf =                                                                                               B12
N – xq

A
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For circular pipe q is further defined as:

q =                +         ≤ 0.33                                                          B13
2

pK H
Cc Bc

p

For elliptical and arch pipe q is further defined as:

q =               H +              ≤ 0.33                                                   B14
22

pB'cK pB'c

CcBc

the value of q, as determined by equations B13 and B 14, shall not exceed 
0.33.

tables B32 and B33 list bedding factors for circular pipe. For elliptical and 
arch pipe bedding factors may be found in tables 59 through 61 in the main body 
of the manual.

Negative Projecting Embankment Bedding Factors. the methods 
described for determining trench bedding factors should be used for negative 
projecting embankment installations.

APPLICATION OF FACTOR OF SAFETY

the total earth and live load on a buried concrete pipe is computed and 
multiplied by a factor of safety to determine the pipe supporting strength required. 
the safety factor is defined as the relationship between the ultimate strength 
D-load and the 0.01-inch crack D-load. this relationship is specified in the Astm 
standards on reinforced concrete pipe. therefore, for reinforced concrete pipe a 
factor of safety of 1.0 should be applied if the 0.01-inch crack strength is used as 
the design criterion. For nonreinforced concrete pipe a factor of safety of 1.25 to 
1.5 is normally used.

SELECTION OF PIPE STRENGTH

since numerous reinforced concrete pipe sizes are available, three-edge 
bearing test strengths are classified by D-loads. the D-load concept provides 
strength classification of pipe independent of pipe diameter. For reinforced circular 
pipe the three-edge bearing test load in pounds per linear foot equals D-load X 
inside diameter in feet. For arch, horizontal elliptical and vertical elliptical pipe the 
three-edge bearing test load in pounds per linear foot equals D-load X nominal 
inside span in feet.

the required three-edge bearing strength of non-reinforced concrete pipe 
is expressed in pounds per linear foot, not as a D-load, and is computed by the 
equation:

T.E.B. =                    X F.S.                                                           B15
Bf

WL + WE
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the required three-edge bearing strength of circular reinforced concrete pipe 
is expressed as D-load and is computed by the equation:

D-load =                  x F.S.                                                           B16
Bf x D

WL + WE

the determination of required strength of elliptical and arch concrete pipe is 
computed by the equation:

D-load =                  x F.S.                                                           B17
Bf x S

WL + WE

EXAMPLE PROBLEMS

EXAMPLE B-1
Trench Installation

Given: A 48 inch circular pipe is to be installed in a 7 foot wide trench
 with 35 feet of cover over the top of the pipe. the pipe will be
 backfilled with sand and gravel weighing 110 pounds per cubic
 foot.

Find: the required pipe strength in terms of 0.01 inch crack D-load.

Bd

Bc

H
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Solution: 1. Determination of earth Load (We)
  From table B-14A, sand and Gravel, the backfill load based on 

100 pounds per cubic foot backfill is 12,000 pounds per linear foot. 
increase the load 10 percent for 110 pound backfill material.

  Wd = 1.10 X 12,000
  Wd = 13,200 pounds per linear foot

 2. Determination of Live Load (WL) 
From table 42, live load is negligible at a depth of 35 feet.

 3. selection of Bedding 
A Class B bedding will be assumed for this example. in actual 
design, it may be desirable to consider other types of bedding in 
order to arrive at the most economical overall installation.

 4. Determination of Bedding Factor (Bf)
  the trench variable bedding factor, Bfv is given by equation B11:

  
Bfv = (Bfe  – Bft)                            + Bft

Bd – (Bc+ 1.0)
Bdt – (Bc+ 1.0)

 
 step 1. From Figure B-14, for circular pipe installed on a Class B 

bedding, the trench fixed bedding factor, Bft, is 1.9.

 step 2. A trench width, Bd, of 7 feet is specified.

 step 3. the transition width, Bdt, determined from table B-14A is 11.4 
feet.

 step 4. H/Bc = 35/4.8 = 7.3 
From table B-31, the rsd design range of values for ordinary 
soil is +0.5 to +0.8. Assume an rsd value of +0.5. For a granular 
Class B bedding p = 0.5, then rsdp = 0.5 x 0.5 = 0.25.

 step 5. From table B-32 for H/Bc = 7.3, p = 0. 5, rsdp = 0.25 and a 
Class B bedding, Bfe = 2.19.

 step 6. the trench variable bedding factor is:

  

Bfv = (2.19  – 1.9)                                  + 1.9

Bfv = 1.96

7 – (4.8 + 1.0)
11.4 – (4.8 + 1.0)
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  Use a variable bedding factor, Bfv of 1.96 to determine the required 
D-load pipe strength.

 5. Application of Factor of safety (F.s.)
  A factor of safety of 1.0 based on the 0.01-inch crack will be 

applied.

 6. selection of Pipe strength
  the D-load is given by equation B16:

  

WL +  WE = Wd = 13,200 pounds per linear foot

D0.01 = 1684 pounds per linear foot per foot of inside diameter

D0.01 =                     x F.S.
WL + WE

Bf x D

D0.01 =                     x 1.0
13,200

1.96 x 4.0

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 1684 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE B-2
Positive Projecting Embankment Installation

Given: A 48 inch circular pipe is to be installed in a positive projecting 
embankment condition in ordinary soil. the pipe will be covered with 
35 feet of 110 pounds per cubic foot overfill.

pBC

Bc

H
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Find:  the required pipe strength in terms of 0.01 inch crack D-load.

Solution: 1. Determination of earth Load (We)
  A settlement ratio must first be assumed. in table B-31 values of 

settlement ratio from +0.5 to +0.8 are given for positive projecting 
installations on a foundation of ordinary soil. A conservative value 
of 0.7 will be used with an assumed projection ratio of 0.7. the 
product of the settlement ratio and the projection ratio will be 0.49 
(rsdp = 0.5).

  enter Figure B-12 on the horizontal scale at H = 35 feet. Proceed 
vertically until the line representing D = 48 inches is intersected. At 
this point the vertical scale shows the fill load to be 25,300 pounds 
per linear foot for 100 pounds per cubic foot fill material. increase 
the load 10 percent for 110 pound material.

   
   Wc = 1.10 X 25,300
   Wc = 27,800 pounds per linear foot

 2. Determination of Live Load (WL) 
From table 42, live load is negligible at a depth of 35 feet.

 3. selection of Bedding
  A Class B bedding will be assumed for this example. in actual 

design, it may be desirable to consider other types of bedding in 
order to arrive at the most economical overall installation.

 4. Determination of Bedding Factor (Bf)
  the outside diameter for a 48 inch diameter pipe is 58 inches = 

4.83 feet. From table B-32, from an H/Bc ratio of 7.25, rsdp value of 
0.5, p value of 0.7 and Class B bedding, a bedding factor of 2.34 is 
obtained.

 5. Application of Factor of safety (F.s.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be 

applied.

 6. selection of Pipe strength
  the D-load is given by equation B16:
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WL +  WE = Wc = 27,800 pounds per linear foot

D0.01 = 2970 pounds per linear foot per foot of inside diameter

D0.01 =                     x F.S.
WL + WE

Bf x D

D0.01 =                     x 1.0
27,800

2.34 x 4.0

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 2970 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE B-3
Negative Projecting Embankment Installation

Given: A 48 inch circular pipe is to be installed in a negative projecting
 embankment condition in ordinary soil. the pipe will be covered with 

35 feet of 110 pounds per cubic foot overfill. A 7 foot trench width 
will be constructed with a 7 foot depth from the top of the pipe to the 
natural ground surface.

Find:  the required pipe strength in terms of 0.01 inch crack D-load.

Bc

Bd

H
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Solution: 1. Determination of earth Load (We)
  A settlement ratio must first be assumed. in table B-31, for 

a negative projection ratio, p' = 1.0, the design value of the 
settlement ratio is -0.3.

  enter Figure 201 on the horizontal scale at H = 35 feet. Proceed 
vertically until the line representing Bd = 7 feet is intersected. At this 
point the vertical scale shows the fill load to be 15,800 pounds per 
linear foot for 100 pounds per cubic foot fill material. increase the 
load 10 percent for 110 pound material.

   Wn = 1.10 X 15,800
   Wn = 17,380 pounds per linear foot

 2. Determination of Live Load (WL)
  From table 42, live load is negligible at a depth of 35 feet.

 3. selection of Bedding
  A Class B bedding will be assumed for this example. in actual 

design, it may be desirable to consider other types of bedding in 
order to arrive at the most economical overall installation.

 4. Determination of Bedding Factor (Bf)
  the trench variable bedding factor, Bf, is given by equation B11:

  
Bfv = ( Bfe  – Bft)                            + Bft

Bd – (Bc+ 1.0)
Bdt – (Bc+ 1.0)

  step 1. From Figure B-14, for circular pipe installed on a Class B 
bedding, the trench fixed bedding factor, Bft, is 1.9.

  step 2. A trench width, Bd, of 7 feet is specified.

  step 3. the transition width, Bdt, determined from table B-14 is 
11.4 feet.

  step 4. H/Bc = 35/4.8 = 7.3
   From table B-31, the rsd design range of values for ordinary 

soil is +0.5 to +0.8. Assume an rsd value of +0.5. For a 
granular Class B bedding p = 0.5, then rsdp = 0.5 x 0.5 = 
0.25.

  step 5. From table B-32, for H/Bc = 7.3, p = 0.5, rsdp = 0.25 and a 
Class B bedding, Bfe = 2.19.

  step 6. the trench variable bedding factor is:
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Bfv = (2.19  – 1.9)                                  + 1.9

Bfv = 1.96

7 – (4.8 + 1.0)
11.4 – (4.8 + 1.0)

  Use a variable bedding factor, Bfv, of 1.96 to determine the required 
D-load pipe strength.

 5. Application of Factor of safety (F.s.) 
  A factor of safety of 1.0 based on the 0.01 inch crack will be 

applied.

 6. selection of Pipe strength
  the D-load is given by equation B16:

  

WL +  WE = Wn = 17,380 pounds per linear foot

D0.01 = 2217 pounds per linear foot per foot of inside diameter

D0.01 =                     x F.S.
WL + WE

Bf x D

D0.01 =                     x 1.0
17,380

1.96 x 4.0

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 2217 pounds per linear foot per foot of inside 
diameter would be required.

EXAMPLE B-4
Wide Trench Installation

Bc

Bd

H
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Given: A 24 inch circular pipe is to be installed in a 5 foot wide trench
 with 9 feet of cover over the top of the pipe. the pipe will be
 backfilled with ordinary clay weighing 120 pounds per cubic foot.

Find: the required three-edge bearing test strength for nonreinforced
 pipe and the ultimate D-load for reinforced pipe.

Solution: 1. Determination of earth Load (We)
  From table B-8C, the transition width for H = 9 feet is 4'-8". since 

the actual 5 foot trench width exceeds the transition width, the 
backfill load based on 100 pounds per cubic foot backfill is 3,331 
pounds per linear foot as given by the bold type. increase the load 
20 percent for 120 pound backfill material.

   Wd = 1.20 X 3,331
   Wd = 3,997 pounds per linear foot
 
 2. Determination of Live Load (WL)
  From table 42, the live load is 240 pounds per linear foot.

 3. selection of Bedding  
A Class C bedding will be assumed for this example.

 4. Determination of Bedding Factor (Bf)
  since the trench is beyond transition width, a bedding factor for an 

embankment condition is required.

  the outside diameter for a 24 inch diameter pipe is 30 inches = 2.5 
feet. H/Bc = 3.6. From table B-31, the rsd design range of values 
for ordinary soil is +0.5 to +0.8. Assume an rsd value of +0.5. For 
shaped Class C bedding p = 0.9, then rsdp = 0.5 x 0.9 = 0.45. From 
table B-33, a bedding factor of 2.07 is obtained.

 5. Application of Factor of safety (F.s.) 
  A factor of safety of 1.5 based on the three-edge bearing strength 

for nonreinforced pipe and ultimate D-load for reinforced pipe will 
be applied.

 6. selection of Pipe strength the three-edge bearing strength for 
nonreinforced pipe is given by equation B15:
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T.E.B. =                    X F.S.

WL + WE = Wd = 4,237 pounds per linear foot

T.E.B. =              X 1.5

T.E.B. =  3,070 pounds per linear foot

Bf

2.07

WL + WE

4,237

 the D-load for reinforced pipe is given by equation B16:

  Dult. = 1,535 pounds per linear foot per foot of inside diameter

Dult. =                     x F.S.
WL + WE

Bf x D

Dult. =                     x 1.5
4,237

2.07 x 2.0

Answer: A nonreinforced pipe which would withstand a minimum three
 edge bearing test load of 3,070 pounds per linear foot would be
 required.
 
 A reinforced pipe which would withstand a minimum three-edge
 bearing test load for the ultimate load of 1,535 pounds per linear
 foot per foot inside diameter would be required.

EXAMPLE B-5
Positive Projecting Embankment Installation

Vertical Elliptical Pipe

pB'C

B'c

H

American Concrete Pipe Association • www.concrete-pipe.org



448 Concrete Pipe Design manual

Given: A 76 inch X 48 inch vertical elliptical pipe is to be installed in a positive 
projecting embankment condition in ordinary soil. the pipe will be 
covered with 50 feet of 120 pounds per cubic foot overfill.

Find: the required pipe strength in terms of 0.01 inch crack D-load.

Solution: 1. Determination of earth Load (We)
  A settlement ratio must first be assumed. in table B-31 values of 

settlement ratio from +0.5 to +0.8 are given for positive projecting 
installations on a foundation of ordinary soil. A value of 0.5 will be 
used. the product of the settlement ratio and the projection ratio 
will be 0.35 (rsdp = 0.3).

  enter Figure 181 on the horizontal scale at H = 50 feet. Proceed 
vertically until the line representing r X s = 76" X 48" is 
intersected. At this point the vertical scale shows the fill load to 
be 37,100 pounds per linear foot for 100 pounds per cubic foot fill 
material. increase the load 20 percent for 120 pound material.

   Wc = 1.20 X 37,100
   Wc = 44,520 pounds per linear foot

 2. Determination of Live Load (WL)
  From table 44, live load is negligible at a depth of 50 feet.

 3. selection of Bedding
  A Class B bedding will be assumed for this example.

 4. Determination of Bedding Factor (Bf)
  From table 59, for an H/Bc, ratio of 9.84, rsdp value of 0.3, p value 

of 0.7 and a Class B bedding, a bedding factor of 2.80 is obtained.

 5. Application of Factor of safety (F.s.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be 

applied.

 6. selection of Pipe strength
  the D-load is given by equation B17:
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WL +  WE = Wc = 44,520 pounds per linear foot

D0.01 = 3,975 pounds per linear foot per foot of inside horizonal span

D0.01 =                     x F.S.
WL + WE

Bf x S

D0.01 =                     x 1.0
44,520

2.80 x 4.0

Answer: A pipe which would withstand a minimum three-edge bearing test load 
for the 0.01 inch crack of 3,975 pounds per linear foot per foot of inside 
horizontal span would be required.

EXAMPLE B-6
Highway Live Load

Given: A 12 inch circular pipe is to be installed in a narrow trench Bd ≤ (Bc + 
1.0), under an unsurfaced roadway and covered with 1.0 foot of 120 
pounds per cubic foot backfill material.

Find:  the required pipe strength in terms of 0.01 inch crack D-load.

Solution: 1. Determination of earth Load (We)
  For pipe installed with less than 3 feet of cover, it is sufficiently 

accurate to calculate the backfill or fill load as being equal to the 
weight of the prism of earth on top of the pipe.

   Wd = wHBc

   Wd = 120 X 1.0 X 1.33
   Wd = 160 pounds per linear foot

Bc

Bd
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 2. Determination of Live Load (WL)
  since the pipe is being installed under an unsurfaced roadway 

with shallow cover, a truck loading based on legal load limitations 
should be evaluated. From table 42, for D = 12 inches, H = 1.0 foot 
and AAsHto loading, a live load of 2,080 pounds per linear foot is 
obtained. this live load value includes impact.

 3. selection of Bedding
  A Class C bedding will be assumed for this example.

 4. Determination of Bedding Factor (Bf)
  From Figure B-14, for circular pipe installed on a Class C bedding, 

a bedding factor of 1.5 is obtained.

 5. Application of Factor of safety (F.s.)
  A factor of safety of 1.0 based on the 0.01 inch crack will be 

applied.

 6. selection of Pipe strength the D-load is given by equation B16:

  D0.01 = 1,493 pounds per linear foot per foot of inside diameter

D0.01 =                     x F.S.
WL + WE

Bf x D

D0.01 =                       x 1.0
2,080 + 160

1.5 x 1.0

Answer: A pipe which would withstand a minimum three-edge bearing test 
load for the 0.01-inch crack of 1,443 pounds per linear foot per foot of 
inside diameter would be required.
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Figure B-8
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Figure B-9
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Figure B-10
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Figure B-11
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Figure B-12

American Concrete Pipe Association • www.concrete-pipe.org



 marston/spangler Design Procedure 527

Figure B-13
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Figure B-14
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Figure B-15
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Figure B-16
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GLOSSARY OF HYDRAULIC TERMS
(Chapters 2 and 3)

A .............cross-sectional area of flow, square feet

A  ............drainage area, acres

AHW .......allowable headwater depth at culvert entrance, feet

C .............coefficient of runoff which is a function of the characteristics of the drainage area

C1 ...........constant in manning’s Formula for full flow

D  ............height of culvert opening or diameter of pipe, inches or feet

dc ............critical depth, feet

H .............head loss, feet (the difference between the elevation of the entrance pool surface and 
the outlet tailwater surface)

HW ..........headwater depth at culvert inlet measured from invert of pipe, feet

ho ............vertical distance between the culvert invert at the outlet and the hydraulic grade line, feet

ke ............entrance head loss coefficient

i ...............rainfall intensity, inches per hour

L..............length of culvert, feet

n..............manning’s coefficient of roughness

Q .............flow in sewer or culvert discharge, cubic feet per second

R .............hydraulic radius, equals area of flow divided by wetted perimeter, feet

R .............inside vertical rise of elliptical, arch pipe, or boxes, feet or inches

S .............inside horizontal span of elliptical, arch pipe, or boxes, feet or inches 

S .............slope of sewer, feet per foot

So ............slope of culvert, feet per foot

TW ..........tailwater depth at culvert outlet measured from invert of pipe, feet 

V .............velocity, feet per second        

GLOSSARY OF LOAD TERMS
(Chapter 4 and Appendix B)

A .............a constant corresponding to the shape of the pipe

ALL ...........distributed live load area on subsoil plane at outside top of pipe, square feet

As ............area of transverse steel in a cradle expressed as a percentage of the area of concrete in 
the cradle at the invert

Bc ............outside horizontal span of the pipe, feet

B’c ...........outside vertical height of the pipe, feet

Bd ............width of trench at top of pipe, feet

Bdt ...........transition width at top of pipe, feet

Bf .............bedding factor

Bfe ...........bedding factor, embankment

BfLL ..........bedding factor for live load

Bfo ...........minimum bedding factor, trench

Bfv............variable bedding factor, trench

Bt .............maximum width of excavation ahead of pipe or tunnel, feet

American Concrete Pipe Association • www.concrete-pipe.org



 Glossary of terms 535

C .............pressure coefficient for live loads

Cc............load coefficient for positive projecting embankment installations

Cd ...........load coefficient for trench installations

Cn ...........load coefficient for negative projecting embankment installations

Ct ............load coefficient for jacked or tunneled installations

c ..............thickness of concrete cover over the inner reinforcement, inches

c ..............coefficient of cohesion of undisturbed soil, pounds per square foot

Di ............inside diameter of pipe, inches

Do ...........outside diameter of pipe, inches

D .............inside diameter of circular pipe, feet or inches

D-load .....the supporting strength of a pipe loaded under three-edge-bearing test conditions 
expressed in pounds per linear foot per foot of inside diameter or horizontal span

D0.01 .......the maximum three-edge-bearing test load supported by a concrete pipe before a crack 
occurs having a width of 0.01 inch measured at close intervals throughout a length of at 
least 1 foot, expressed as D-Load.

Dult. .........the maximum three-edge-bearing test load supported by a pipe, expressed as D-load.

d..............depth of bedding material below pipe, inches

dc ............deflection of the vertical height of the pipe

E .............modulus of elasticity of concrete, pounds per square inch (4,000,000 psi)

e..............base of natural logarithms (2.718)

F.S. .........factor of safety

H .............height of backfill or fill material above top of pipe, feet

HAF ........horizontal arching factor, dimensionless

He ...........height of the plane of equal settlement above top of pipe, feet

h..............thickness of rigid pavement

If ..............impact factor for live loads

K .............ratio of active lateral unit pressure to vertical unit pressure

k ..............modulus of subgrade reaction, pounds per cubic inch

L..............length of ALL parallel to longitudinal axis of pipe, feet

Le ............effective live load supporting length of pipe, feet

MFI ..........moment at the invert under field loading, inch-pounds/ft

MFIELD ....maximum moment in pipe wall under field loads, inch-pounds/ft

MTEST .....maximum moment in pipe wall under three-edge bearing test load, inch-pounds/ft

μ .............coefficient of internal friction of fill material

μ’ .............coefficient of sliding friction between the backfill material and the trench walls

N .............a parameter which is a function of the distribution of the vertical load and vertical 
reaction

NFI ..........axial thrust at the invert under field loads, pounds per foot

NFS .........axial thrust at the springline under a three-edge bearing test load, pounds per foot

N’ ............a parameter which is a function of the distribution of the vertical load and the vertical 
reaction for the concrete cradle method of bedding
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PL ...........prism load, weight of the column of earth cover over the pipe outside diameter, pounds 
per linear foot

p..............wheel load, pounds

p..............projection ratio for positive projecting embankment installation; equals vertical distance 
between the top of the pipe and the natural ground surface divided by the outside 
vertical height of the pipe

p’ .............projection ratio for negative projecting installations; equals vertical distance between the 
top of the pipe and the top of the trench divided by the trench width

po ............live load pressure at the surface, pounds per square inch or pounds per square foot

P(H,X) .......pressure intensity at any vertical distance, H, and horizontal distance, X, pounds per 
square inch or pounds per square foot

π .............3.1416

q..............the ratio of total lateral pressure to the total vertical load

R .............inside vertical rise of elliptical, arch pipe, or boxes feet or inches

Rs............radius of stiffness of the concrete pavement, inches or feet

r ..............radius of the circle of pressure at the surface, inches

rsd ...........settlement ratio

S .............inside horizontal span of elliptical, arch pipe, or boxes feet or inches

SL ............outside horizontal span of pipe (BC) or width of ALL transverse to longitudinal axis of pipe, 
whichever is less, feet

sd ............compression of the fill material in the trench within the height p’Bd for negative projecting 
embankment installations

sf .............settlement of the pipe into its bedding foundation

sg ............settlement of the natural ground or compacted fill surface adjacent to the pipe

T.E.B. ......three-edge bearing strength, pounds per linear foot

t...............pipe wall thickness, inches

u..............Poisson’s ratio of concrete (0.15)

VAF .........vertical arching factor, dimensionless

Wc ...........fill load for positive projecting embankment installations, pounds per linear foot

Wd ...........backfill load for trench installations, pounds per linear foot

WE ..........earth load, pounds per linear foot

WL ...........live load on pipe, pounds per linear foot

Wn ...........fill load for negative projecting embankment installations, pounds per linear foot

Wp ...........weight of pavement, pounds per linear foot

WT ..........total live load on pipe, pounds

Wt ...........earth load for jacked or tunneled installations, pounds per linear foot

w .............unit weight of backfill or fill material, pounds per cubic foot

wL ...........average pressure intensity of live load on subsoil plane at outside top of pipe, pounds 
per square foot

x ..............a parameter which is a function of the area of the vertical projection of the pipe over 
which active lateral pressure is effective

x’ .............a parameter which is a function of the effective lateral support provided by the concrete 
cradle method of bedding
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Manual	CD	contains	the	proven	Marston/Spangler	design	procedure	and	beddings.	
	 You	will	need	Adobe	Acrobat	Reader	Software.	A	link	to	the	Adobe	web	site	for	this	FREE	
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