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Preface to
Second Edition

In American cities, piping systems are complex and marvelous. But
the average city dweller does not know of, and could not care less
about, buried pipes and simply takes them for granted. This person
cannot contemplate the consequences if these services were to be dis-
rupted. City managers and pipeline engineers are sobered by the pres-
ent-day reality of deteriorating pipe systems. The problem is almost
overwhelming. Engineers who deal with piping systems will be key in
helping to solve this problem. The First (1990) Edition of this book was
well received and hopefully has been of some help to the various prac-
titioners who deal with buried piping systems. It is also hoped that
this Second Edition will be helpful in designing, installing, replacing,
and rehabilitating buried pipe systems.

There has been progress and changes in the 11 years since the First
Edition was published. Thus there are many expansions of and addi-
tions to the material in this new edition. Most of the material that
appeared in 1990 is also included here, resulting in a book almost
twice the size. In addition, there have been many small changes, such
as corrections of the errors that were pointed out by readers. For this
kind help, I offer my sincere thanks.

Following is a list of the subjects covered in each chapter, with special
mention of new material.

Chapter 2, External Loads. Methods are given for the determina-
tion of loads that are imposed on buried pipes, along with the various
factors that contribute to these loads.

The following topics have been added to this Second Edition: mini-
mum soil cover, with a discussion of similitude; soil subsidence; load
due to temperature rise; seismic loads; and flotation.

Chapter 3, Design of Gravity Flow Pipes. Design methods that are
used to determine an installation design for buried gravity flow pipes

ix
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X Preface to Second Edition

are described. Soil types and their uses in pipe embedment and back-
fill are discussed. Design methods are placed in two general classes,
rigid pipe design and flexible pipe design. Pipe performance limits are
given, and recommended safety factors are reviewed. The powerful
tool of the finite element method for the design of buried piping sys-
tems is discussed.

The following topics have been added: compaction techniques, E~
analysis, parallel pipes and trenches, and analytical methods for pre-
dicting performance of buried flexible pipes.

Chapter 4, Design of Pressure Pipes. This chapter deals with the
design methods for buried pressure pipe installations. Included in this
chapter are specific design techniques for various pressure piping
products. Methods for determining internal loads, external loads, and
combined loads are given along with design bases.

The following topics have been added: corrected theory for cyclic life
of PVC pipe, and strains induced by combined loading in buried pres-
surized flexible pipe.

Chapter 5, Rigid Pipe Products. This chapter deals with generic
rigid pipe products. For each product, selected standards and material
properties are listed. The standards are from standards organizations
such as the American Water Works Association (AWWA) and American
Society for Testing and Materials (ASTM). Actual design examples for
the various products are given.

The following topics have been added: the direct method, design
strengths for concrete pipe, and SPIDA (soil-pipe interaction design and
analysis).

Chapter 6, Steel and Ductile Iron Flexible Pipe Products. This
chapter deals with generic steel and ductile iron pipe products. For
each product, selected standards and material properties are listed.
The standards are from standards organizations such as AWWA and
ASTM. Actual design examples for the various products are given.

The following topics have been added: three-dimensional FEA mod-
eling of a corrugated steel pipe arch, tests on spiral ribbed steel pipe,
test on low-stiffness ribbed steel pipe, and testing of ductile iron pipe.

Chapter 7, Plastic Flexible Pipe Products. This chapter deals with
generic rigid pipe products. For each product, selected standards and
material properties are listed. The standards are from standards orga-
nizations such as AWWA and ASTM. Actual design examples for the
various products are given.

The following topics have been added: long-term stress relaxation
and strain testing of PVC pipes, frozen-in stresses, cyclic pressures and
elevated temperatures, the AWWA study on the use of PVC, long-term
ductility of PE, the ESCR and NCTL tests for PE, and full-scale testing
of HDPE profile-wall pipes.
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Chapter 8, Pipe Installation and Trenchless Technology. The mate-
rial in this chapter is entirely new to this book. It includes information
on pipe handling and trenching as well as some safety aspects. The
“Trenchless Technology” section contains information for the fast-
growing trenchless methods for installing and rehabilitating pipelines.

A. P. Moser, Ph.D.
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Chapter

Introduction and Overview

Underground conduits have served to improve people’s standard of
living since the dawn of civilization. Remnants of such structures from
ancient civilizations have been found in Europe, Asia, and even the
western hemisphere, where some of the ancient inhabitants of South
and Central America had water and sewer systems. These early engi-
neering structures are often referred to as examples of the art of
engineering. Nevertheless, whether art or science, engineers and sci-
entists still stand amazed at these early water and sewer projects.
They seem to bridge the gap between ancient and modern engineering
practice. The gap referred to here is that period known as the “dark
ages” in which little or no subsurface construction was practiced—a
time when most of the ancient “art” was lost.

Today, underground conduits serve in diverse applications such as
sewer lines, drain lines, water mains, gas lines, telephone and electrical
conduits, culverts, oil lines, coal slurry lines, subway tunnels, and heat
distribution lines. It is now possible to use engineering science to design
these underground conduits with a degree of precision comparable with
that obtained in designing buildings and bridges. In the early 1900s,
Anson Marston developed a method of calculating the earth load to
which a buried conduit is subjected in service. This method, the Marston
load theory, serves to predict the supporting strength of pipe under var-
ious installation conditions. M. G. Spangler, working with Marston,
developed a theory for flexible pipe design. In addition, much testing
and research have produced quantities of empirical data which also can
be used in the design process. Digital computers, combined with finite
element techniques and sophisticated soil models, have given the engi-
neering profession design tools which have produced, and will undoubt-
edly continue to produce, even more precise designs.

1
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2 Chapter One

Engineers and planners realize that the subsurface infrastructure is
an absolute necessity to the modern community. It is true we must
“build down” before we can “build up.” The underground water systems
serve as arteries to the cities, and the sewer systems serve as veins to
carry off the waste. The water system is the lifeblood of the city, provid-
ing culinary, irrigation, and fire protection needs. The average man or
woman on the street takes these systems for granted, being somewhat
unaware of their existence unless they fail. In the United States today,
people demand water of high quality to be available, instantaneously, on
demand. To ensure adequate quality, the distribution systems must be
designed and constructed so as not to introduce contaminants.

Sewage is collected at its source and carried via buried conduits to a
treatment facility. Treatment standards and controls are becoming con-
tinually more stringent, and treatment costs are high. Because of these
higher standards, the infiltration of groundwater or surface water into
sewer systems has become a major issue. In the past, sewer pipe join-
ing systems were not tight and permitted infiltration. Today, however,
tight rubber ring joints or cemented joints have become mandatory.

Even though septic tanks and cesspools are still widely used today,
they are no longer accepted in urban or suburban regions. Only in the
truly rural (farm) areas are they sanctioned by health departments.
Today, more sewer systems are being installed. This produces a
demand for quality piping systems. Thus, the need for water systems
that deliver quality water and for tight sanitary sewers has produced
a demand for high-quality piping materials and precisely designed sys-
tems that are properly installed.

Old and deteriorating conduits frequently fail. These failures can
cause substantial property damage that results in tremendous cost,
inconvenience, and loss of public goodwill. Utilities have programs to
replace or rejuvenate deteriorating pipes to minimize failures and
associated costs. In urban areas, trenching to remove the old and
install the new can be very difficult and extremely expensive. Relining
and microtunneling are viable options in certain situations where it is
difficult and extremely disruptive to construct an open trench.

Soil Mechanics

Various parameters must be considered in the design of a buried pip-
ing system. However, no design should overlook pipe material proper-
ties or the characteristics of the soil envelope surrounding the pipe.

The word soil means different things to different people. To engineers,
soil is any earthen material excluding bedrock. The solid particles of
which soil is composed are products of both physical and chemical
action, sometimes called weathering of rock.
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Soil has been used as a construction material throughout history. It
is used for roads, embankments, dams, and so forth. In the case of sew-
ers, culverts, tunnels, and other underground conduits, soil is impor-
tant, not only as a material upon which the structure rests, but also as
a support and load-transfer material. The enveloping soil transfers
surface and gravity loads to, from, and around the structure. Much has
been written about soil mechanics and soil structure interaction. Such
variables as soil type, soil density, moisture content, and depth of the
installation are commonly considered. If finite element analysis is
used, many soil characteristics are required as input to the mathe-
matical soil model. These soil properties are usually determined from
triaxial shear tests.

Standards organizations such as the American Association of State
Highway and Transportation Officials (AASHTO) and the American
Society for Testing and Materials (ASTM) issue standard test methods
for classifying soil and for the determination of various soil properties.
Of the various methods of soil classification, the Unified Soil
Classification System (USCS) is most commonly used in the construc-
tion industry. Complete details on this system can be found in any
textbook or manual of soils engineering. (For example, see Soils
Manual MS-10, The Asphalt Institute, College Park, Md., 1978.)

Soils vary in physical and chemical structure, but can be separated
into five broad groups:

Gravel. Individual grains vary from 0.08 to 3 in (2 to 75 mm) in
diameter and are generally rounded in appearance.

Sand. Small rock and mineral fragments are smaller than 0.08 in
(2 mm) in diameter.

Silt. Fine grains appear soft and floury.

Clay. This very fine-textured soil forms hard lumps when dry and
is sticky to slick when wet.

Organic. This is peat.

Soils are sometimes classified into categories according to the abili-
ty of the soil(s) to enhance the structural performance of the pipe when
installed in the particular soil. One such classification is described in
ASTM D 2321, “Standard Practice for Underground Installation of
Flexible Thermoplastic Sewer Pipe.”

The project engineer often requires a soil survey along the route of
a proposed pipeline. Information from the survey helps to determine
the necessary trench configuration and to decide whether an imported
soil will be required to be placed around the pipe. Soil parameters such
as soil type, soil density, and moisture content are usually considered
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in a design. Soil stiffness (modulus) is an extremely important soil
property and is the main contributor to the pipe-soil system perfor-
mance. Experience has shown that a high soil density will ensure a
high soil stiffness. Therefore, soil density is usually given special
importance in piping system design.

Economy in any design is always a prime consideration. The engi-
neer must consider the cost of compaction compared to the cost of
bringing in a select material such as pea gravel which will flow into
place in a fairly dense state. For piping systems, a compacted, well-
graded, angular, granular material provides the best structural sup-
port. However, such is not always required. In selecting a backfill
material, the designer will consider such things as depth of cover,
depth of water table, pipe materials, compaction methods available,
and so forth.

Strength of Materials

There are many types of piping materials on the market today, rang-
ing from rigid concrete to flexible thermal plastic. Proponents of each
lay claim to certain advantages for their material. Such things as
inherent strength, stiffness, corrosion resistance, lightness, flexibility,
and ease of joining are some characteristics that are often given as rea-
sons for using a particular material.

A pipe must have enough strength and/or stiffness to perform its
intended function. It must also be durable enough to last for its design
life. The term strength as used here is the ability to resist stress.
Stresses in a conduit may be caused by such loadings as internal pres-
sure, soil loads, live loads, differential settlement, and longitudinal
bending, to name a few. The term stiffness refers to the material’s abili-
ty to resist deflection. Stiffness is directly related to the modulus of elas-
ticity of the pipe material and the second moment of the cross section of
the pipe wall. Durability is a measure of the pipe’s ability to withstand
environmental effects with time. Such terms as corrosion resistance and
abrasion resistance are durability factors.

Piping materials are generally placed in one of two classifications: rigid
or flexible. A flexible pipe has been defined as one that will deflect at least
2 percent without structural distress. Materials that do not meet this cri-
terion are usually considered to be rigid. Claims that a particular pipe is
neither flexible nor rigid, but somewhere in between have little impor-
tance since current design standards are based either on the concept of a
flexible conduit or on the concept of a rigid conduit. This important sub-
ject will be discussed in detail in subsequent chapters. See Fig. 1.1.

Concrete and clay pipes are examples of materials which are usually
considered to be rigid. Steel and plastic pipes are usually considered to
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Figure 1.1 The effect of soil settlement on (@) rigid and (b) flexible pipes. Here S repre-
sents settlement of backfill for a rigid pipe; D represents vertical deflection of a flexible
pipe as it deflects under earth pressure. (Reprinted, by permission, from AWWA Manual
M-11, Steel Pipe Design and Installation, American Water Works Association, 1964.)

be flexible. Each type of pipe may have one or more performance lim-
its which must be considered by the design engineer. For rigid pipes,
strength to resist wall stresses due to the combined effects of internal
pressure and external load is usually critical. For flexible pipes, stiff-
ness may be important in resisting ring deflection and possible buck-
ling. Each manufacturer or industry goes to great lengths to establish
characteristics of its particular product. These parameters are readily
available to the design engineer. The desire to have products with high
strength has given rise to reinforced products such as steel-reinforced
concrete and glass-reinforced thermal setting plastic. For such prod-
ucts, other performance limits often arise such as a strain limit to pre-
vent cracking. For a thermal plastic pipe, such as PVC pipe, strength
is measured in terms of a long-term hydrostatic design hoop stress.
Thus, it can be seen that not all installations of all products will be
designed in exactly the same manner. The engineer must be familiar
with design criteria for the various pipe products and know where
proper design parameters can be obtained.

Pipe Hydraulics

The field of study of fluid flow in pipes is often referred to as
hydraulics. Designers of water or sewer systems need some knowledge
of pipe hydraulics.

Flow in pipes is usually classified as pressure flow for systems where
pipes are flowing full or open-channel flow when pipes are not flowing
full. Water systems are pressure systems and are considered to be
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flowing full. On the other hand, sewer systems, for the most part, are
open-channel systems. The exception to this is forced sewer mains
where lift pumps are used to pump sewage under pressure. The rela-
tively small concentration of solids found in sanitary or storm sewage
is not sufficient to make it behave hydraulically significantly differ-
ently from water. Thus, sewage is accepted to have the same hydraulic
flow characteristics as water. Of course, the design engineer must be
aware of the possibility of the deposition of solids and hydrogen sulfide
gas generation in sanitary sewers. These considerations are not within
the scope of this text.

In either case, pressure flow or open-channel flow, the fluid encoun-
ters frictional resistance. This resistance produces head loss, which is
a function of the inside surface finish or pipe roughness. The smoother
the inside surface, the better the flow. Many theories and empirical
equations have been developed to describe flow in pipes. The solution
of most flow problems requires experimentally derived coefficients
which are used in conjunction with empirical equations. For pressure
flow, the Hazen-Williams equation is widely accepted. Another equa-
tion that has a more theoretical basis is attributed to Darcy and
Weisback. For open-channel flow, the Manning equation is normally
used. These equations, or others, are used to calculate head loss as a
function of flow or vice versa.

Water Systems

Water systems are lifelines of communities. They consist of such items
as valves, fittings, thrust restraints, pumps, reservoirs, and, of course,
pipes and other miscellaneous appurtenances. The water system is
sometimes divided into two parts: the transmission lines and the dis-
tribution system. The transmission system is that part of the system
which brings water from the source to the distribution system.
Transmission lines have few, if any, interconnections. Because of this,
flow in such a line is usually considered to be quasi-steady with only
relatively small transients. Such lines are normally placed in fairly
shallow soil cover. The prime design consideration is internal pressure.
Other design considerations include longitudinal stresses, ring deflec-
tion, buckling, and thrust restraints.

The distribution piping system distributes water to the various
users. It includes many connections, loops, and so forth. The design is
somewhat similar to that of transmission lines except that a substan-
tial surge allowance for possible water hammer is included in the pres-
sure design. Also, greater care is usually taken in designing the backfill
for around the pipe, fittings, and connections. This is done to prevent
longitudinal bending and differential settlement. Distribution systems
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are made up of an interconnected pipe network. The hydraulic analysis
of such a system is almost impossible by “hand” methods, but is readi-
ly accomplished using programming methods via digital computers.

Wastewater Systems

A sewage system is made up of a collection system and a treatment
system. We are concerned only with the collection part. For the most
part, sanitary sewers and storm (street) sewers are separate. However,
there are a few older cities in North America which use combined sew-
ers. The ills of these combined sewers have been recognized by modern
engineers, and such systems are no longer designed. Most state and
regional engineering and public works officials and agencies no longer
permit installation of these dual-purpose lines. Unfortunately, many
combined sewers are used throughout the world, and some still exist
in the United States.

Some sanitary sewers are pressurized lines (sewer force mains), but
most are gravity flow lines. The sanitary sewer is usually buried quite
deep to allow for the pickup of water flow from basements. Due to this
added depth, higher soil pressures, which act on the pipe, are proba-
ble. To resist these pressures, pipe strength and/or pipe stiffness
become(s) important parameters in the design. Soil backfill and its
placement and compaction also become important to the design engi-
neer. The installation may take place below the water table so con-
struction procedures may include dewatering and wide trenching. For
such a system, the pipe should be easy to join with a tight joint that
will prevent infiltration. The soil-pipe system should be designed and
constructed to support the soil load. The pipe material should be chem-
ically inert with respect to soil and sewage, including possible hydro-
gen sulfides. The inside wall should be relatively smooth so as not to
impede the fluid flow.

Storm sewer design conditions are not as rigorous as they are for
sanitary sewers. Storm sewers are normally not as deep. The require-
ments for the joining system are often very lax and usually allow exfil-
tration and infiltration. Because of the above, loose joining systems are
often acceptable for storm sewers. The design life for any sewer system
should also be 100 years minimum.

Design for Value

The piping system must be strong enough to withstand induced
stresses, have relatively smooth walls, have a tight joining system,
and be somewhat chemically inert with respect to soil and water. The
piping systems must be designed to perform for an extended period.
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The normal design life for such systems should be 50 years minimum.
However, 50 years is not long enough. Government and private agen-
cies cannot afford to replace all the buried pipe infrastructures on a
50-year basis. A 100-year design life should be considered minimum.
Pipe manufacturers warrant their products to be free from manufac-
turing defects, but cannot guarantee the pipe will perform for a given
length of time. This is because the life of the pipe, after it is installed,
is not just a function of the pipe material, but is largely a function of
the loading conditions and the environment to which it is subjected.
It is the design engineer’s responsibility to assess all factors and for-
mulate a design with a predicted design life. The cost of the system
should be based on life considerations, not just initial cost.

Most piping system contracts are awarded to the lowest bidder.
Contractors will usually bid materials and construction methods
which allow for the lower initial cost with little thought to future
maintenance or life of the system. Even for the owner, the lowest ini-
tial cost is often the overriding factor. However, the owner and the
engineer should insist on a design based on value. For engineers, eco-
nomics is always an important consideration; any economic evaluation
must include more than just initial cost. Annual maintenance and life
of the system must also be considered.

Initial cost may include such things as piping materials, trenching,
select backfill, compaction, site improvements and restoration, and
engineering and inspection. Pipe cost is related to pipe material and to
pipe diameter. Diameter is controlled by the design flow rate and pipe
roughness. That is, a smaller diameter may be possible if a pipe with
a smooth interior wall is selected. Annual maintenance cost includes
cleaning, repair, and replacement due to erosion, corrosion, and so
forth. Life is directly related to durability and is affected by such
things as severe loading conditions, corrosion, erosion, and other types
of environmental degradation. It is important to design the installa-
tion to minimize detrimental effects.

The question is not whether the pipe will last, but how long it will
perform its designed function. Generally, metals corrode in wet clayey
soils and corrode at an accelerated rate in the presence of hydrogen
sulfide sewer gas. Concrete-type structures are also attacked by hydro-
gen sulfide and the resulting sulfuric acid. Care should be taken when
selecting a pipe product for any service application and installation
conditions to ensure that environmental effects upon the life of the
system have been taken into consideration. The system should be
designed for value.
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External Loads

Loads are exerted on buried pipes by the soil that surrounds them.
Methods for calculating these loads are given in this chapter.
Marston’s theory for loads on buried conduits is discussed along with
the various factors which contribute to these loads. Underground pipes
are placed in tunnels, buried under highways, buried under railways,
and buried under airports. Methods are given for the determination of
loads which are imposed on pipes in these and other applications.

Soil Pressure

The subject of soil structure interaction has been of engineering interest
since the early 1900s. The horseless carriage had its volume-production
start with the Oldsmobile in 1902, and the need for improved roads was
immediately apparent. Many projects for road drainage were begun
using clay tile and concrete drain tile. One major problem existed, how-
ever. There was no rational method of determining the earth load these
buried drains would be subjected to. As a result, there were many fail-
ures of pipelines.

The loads imposed on conduits buried in the soil depend upon the
stiffness properties of both the pipe structure and the surrounding
soil. This results in a statically indeterminate problem in which the
pressure of the soil on the structure produces deflections that, in turn,
determine the soil pressure.

When designing rigid pipes (for example, concrete or clay pipes), it
is customary to assume that the pipe is affected mainly by a vertical
pressure caused by soil and traffic; a horizontal reacting pressure is
either nonexistent or negligible. For flexible pipes, the vertical load
causes a deflection of the pipe, which in turn results in a horizontal

9
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supporting soil pressure. If the horizontal soil pressure and vertical
pressure are close to being equal, the load around the pipe approxi-
mates a hydrostatic load. The stresses in the pipe wall are then mainly
circumferential (hoop) compressive stresses, and for deep burial will
give rise to buckling.

Rigid pipe

Marston load theory. Anson Marston, who was dean of engineering at
Towa State University, investigated the problem of determining loads
on buried conduits. In 1913, Marston published his original paper,
“The Theory of Loads on Pipes in Ditches and Tests of Cement and
Clay Drain Tile and Sewer Pipe.”*® This work was the beginning of
methods for calculating earth loads on buried pipes. The formula is
now recognized the world over as the Marston load equation. More
recently, demands to protect and improve our environment and rising
construction costs have produced research that has substantially
increased our knowledge of soil structure interaction phenomenon.
However, much of this knowledge has yet to be applied to design prac-
tice. Many questions are as yet unresolved.

Anson Marston
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Trench condition. The Marston load theory is based on the concept of
a prism of soil in the trench that imposes a load on the pipe, as shown
in Fig. 2.1. A trench (ditch) conduit as defined by Marston was a rela-
tively narrow ditch dug in undisturbed soil. Marston reasoned that
settlement of the backfill and pipe generates shearing or friction forces
at the sides of the trench. He also assumed that cohesion would be neg-
ligible since (1) considerable time would have to elapse before cohesion
could develop and (2) the assumption of no cohesion would yield the
maximum load on the pipe.

The vertical pressure V at the top of any differential volume element
By(1) dh is balanced by an upward vertical force at the bottom of the
element V + dV (see Fig. 2.1). The volume element is B, wide, dh tall,
and of unit length along the axis of the pipe and trench. The weight of
the elemental section is its volume times its unit weight, expressed as

w = By (dh) (1) v

where (B,)(dh)(1) is volume of the element and v is the specific weight
density.
The lateral pressure P, at the sides of the element at depth 4 is

active lateral unit pressure

P L — . .
vertical unit pressure

X (vertical unit pressure)
or

P; = K (Rankine’s ratio) X Bl
d

The shearing forces per unit length F, on the sides of the differential
element, induced by these lateral pressures, are F, = K(V/By)(u') dh
where u” = coefficient of friction. The vertical forces on the element are
summed and set equal to zero.

F,=0

Or, the upward vertical forces are equal to the downward vertical
forces. Thus, for equilibrium, vertical force at bottom + shear force at
sides = vertical force at top + weight of the element, or

2Ku'V
B,dh

V +dV) + =V + yB,dh

(dimensionally, force per length) or
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Natural ground

174N | A R0/
h \ R
1 | \ & vB, dh
Ku' W
! v
K =—
Bd
V+dVv
Bd
1
BC

Figure 2.1 Basis for Marston’s theory of loads on buried pipe. W; = load
on conduit per unit length along conduit in pounds per linear foot; e =
base of natural logarithms; y = unit weight of backfill, i.e., pounds per
cubic foot; V = vertical pressure on any horizontal plane in backfill, in
pounds per unit length of ditch; B, = horizontal breadth (outside) of
conduit, in feet; By = horizontal width of ditch at top of conduit, in feet;
H = height of fill above top of conduit, in feet; A = distance from ground
surface down to any horizontal plane in backfill, in feet; C; = load coef-
ficient for ditch conduits; u = tan ¢ = coefficient of internal friction of
backfill; u” = tan ¢ = coefficient of friction between backfill and sides
of ditch; K = ratio of active lateral unit pressure to vertical unit pres-
sure. (Reprinted from Spangler and Handy, Soil Engineering, 4th ed.,
Harper & Row, 1982, by permission of the publisher.)
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2K,LL’V> dh
0=|(B; — - 2.1
( d B, av 2.1
The solution to the differential Eq. (2.1) is
_ yB _ ,—2Ku(hBy)
\% 2Ky 1-e ') (2.2)

Substituting A = H, we get the total vertical pressure at the elevation
of the top of the conduit. How much of this vertical load V is imposed
on the conduit is dependent upon the relative compressibility (stiffness)
of the pipe and soil. For very rigid pipe (clay, concrete, heavy-walled
cast iron, and so forth), the sidefills may be very compressible in rela-
tion to the pipe, and the pipe may carry practically all the load V. For
flexible pipe, the imposed load will be substantially less than V since
the pipe will be less rigid than the sidefill soil (see Fig. 2.3). The maxi-
mum load on ditch conduits is expressed in Eq. (2.2) with 2~ = H. For
simplicity and ease of calculation, the load coefficient C, is defined as

1 — e 2Kw(HBy

C,; = TM, (2.3)

Now the load on a rigid conduit in a ditch is expressed as
W, = C,yBS (2.4)
The function

1 — o 2KW(HBY

of oK
is then plotted as H/B, versus C; for various soil types as defined by
their Ky’ values, where Ku' is a function of the coefficient of internal
friction of the fill material (see Fig. 2.2). The values of K, u, and w’
were determined experimentally by Marston, and typical values are
given in Table 2.1.

Example Problem 2.1 What is the maximum load on a very rigid pipe in a
ditch excavated in sand? The pipe outside diameter (OD) is 18 in, the trench
width is 42 in, the depth of burial is 8 ft, and the soil unit weight is 120
1b/ft3.

1. Determine C,. From Table 2.1 for sand, Ku = K’ = 0.165.

H 8ft _ 12in
= = X =2
B,  42in * 1m 2%
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Figure 2.2 Computational diagram for earth loads on trench conduits completely buried
in trenches. (Reprinted, by permission, from Gravity Sanitary Sewer Design and
Construction, Manuals & Reports on Engineering Practice, No. 60, American Society of
Civil Engineers, and Manual of Practice, No. FD-5, Water Pollution Control Federation,
1982, p. 170.)

From Fig. 2.2, C; = 1.6.
2. Calculate the load from Eq. (2.4):

2
W, = CayBs2 = 1.6 (120) (%) = 2352 Ib/ft

Embankment conditions. Not all pipes are installed in ditches
(trenches); therefore, it is necessary to treat the problem of pipes
buried in embankments. An embankment is where the top of the pipe
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TABLE 2.1 Approximate Values of Soil Unit Weight, Ratio of Lateral to Vertical
Earth Pressure, and Coefficient of Friction against Sides of Trench

Unit weight, Rankine’s ratio  Coefficient of

Soil type To/ft3 K friction

Partially compacted

damp topsoil 90 0.33 0.50
Saturated topsoil 110 0.37 0.40
Partially compacted

damp clay 100 0.33 0.40
Saturated clay 120 0.37 0.30
Dry sand 100 0.33 0.50
Wet sand 120 0.33 0.50

is above the natural ground. Marston defined this type of installation
as a positive projecting conduit. Typical examples are railway and
highway culverts. Figure 2.4 shows two cases of positive projecting
conduits as proposed by Marston. In case I, the ground at the sides of
the pipe settles more than the top of the pipe. In case II, the top of the
pipe settles more than the soil at the sides of the pipe. Case I was
called the projection condition by Marston and is characterized by a
positive settlement ratio r,,, as defined in Fig. 2.4. The shear forces are
downward and cause a greater load on the buried pipe for this case.
Case I is called the ditch condition and is characterized by a negative
settlement ratio r,;. The shear forces are directed upward in this case
and result in a reduced load on the pipe.

In conjunction with positive projecting conduits, Marston determined
the existence of a horizontal plane above the pipe where the shearing
forces are zero. This plane is called the plane of equal settlement. Above
this plane, the interior and exterior prisms of soil settle equally. The
condition where the plane of equal settlement is real (it is located with-
in the embankment) is called an incomplete projection or an incomplete
ditch condition. If the plane of equal settlement is imaginary (the shear
forces extend all the way to the top of the embankment), it is called a
complete ditch or complete projection condition.

All the above discussed parameters affect the load on the pipe and
are incorporated in Marston’s load equation for positive projecting
(embankment) conduits

W, = C.yB2 (2.5)
where

ezZK}L(H/BC) -1

C= (2.6)

or
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Marston load
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Figure 2.3 Measured loads on rigid and flexible pipe over a period of 21
years. (Reprinted from Spangler and Handy, Soil Engineering, 4th ed.,
Harper & Row, 1982, by permission of the publisher.)

C_

© +2K

ezzKu(He/Bc) -1 H He
(Bc B,

- _) e:ZK;L(He/BC) (27)

Equation (2.6) is for the complete condition. The minus signs are for
the complete ditch, and the plus signs are for the complete projection
condition. Equation (2.7) is for the incomplete condition, where the
minus signs are for the incomplete ditch and the plus signs are for the
incomplete projection condition. And H, is the height of the plane of
equal settlement. Note that if H, = H, the incomplete case of Eq. (2.7)
becomes the complete case and Eq. (2.6) applies for C..

Although the above equations are difficult and cumbersome, they have
been simplified and can be found in graphical form in many references.

Note that value C. is a function of the ratio of height of cover to pipe
diameter, the product of the settlement ratio and projection ratio,
Rankine’s constant, and the coefficient of friction.

H
B 2

c

Cc:f< rsdpyK;/J“)

The value of the product Ku is generally taken as 0.19 for the projection
condition and 0.13 for the ditch condition. Figure 2.5 is a typical diagram
of C, for the various values of H/B, and r,;p encountered. Table 2.2 gives
the equations of C, as a function of H/B, for various values of r,;p and Ku.
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Top of embankment

H—H,
t Plane of equal settlement
4 + D C ‘
H h 1
He dh !

Critical plane
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i
Natural ground =~ §
surface

(a)

Figure 2.4 Comparison of positive projecting conduits: (a) Projection
conditions; (b) ditch condition. rg = [(Sp, + Sg) — (Sp + do)VS,; rsq = set-
tlement ratio; s,, = compression of soil at siﬁes of pipe; s, = settlement
of natural ground surface at sides of pipe; sy = settlement of foundation
underneath pipe; d. = deflection of the top of pipe. (Reprinted from
Spangler and Handy, Soil Engineering, 4th ed., Harper & Row, 1982, by
permission of the publisher.)
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Top of embankment
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Figure 2.4 (Continued)

The settlement ratio r,,; is difficult, if not impossible, to determine
even empirically from direct observations. Experience has shown that
the values tabulated in Table 2.3 can be used with success. Note that
when rp = 0, C, = H/B, and W, = HyB.. This is the prism load G.e.,
the weight of the prism of soil over the top of the pipe). When r,; = 0,
the plane at the top of the pipe called the critical plane settles the



B

Values of H

c

External Loads 19

0
| L A
. v Y AW4
s / %%0/ /
st 7 A e,
8 AT
<) o ~
7 S Sl A L
: /T/Q' 2 % /
6 § A ﬂ=§ /ﬁ/@g‘o //
Y
Ku=0.13 §V// y /%%/
; 77 A S
NS08 T %
4 ///// P /§X:§”‘}/ %
7/ //: / et
3 // / /7/ \e&ep‘d\ec{\o
o
) J T
/ % Ku=0.19
1 ,//
3 4 5 8 7 8 9 10

N

Values of coefficient C,

Figure 2.5 Diagram for coefficient C, for positive projecting conduits. (Reprinted from
Spangler and Handy, Soil Engineering, 4th ed., Harper & Row, 1982, by permission of

the publisher.)

TABLE 2.2 Values of C. in Terms of H/B,

Incomplete ditch condition Ky = 0.13

Incomplete projection condition Ku = 0.19
T'sdD Equation T'sd P Equation
+0.1 C. =1.23 H/B, — 0.02 -0.1 C. = 0.82 H/B. + 0.05
+0.3 C.=1.39 H/B, — 0.05 -0.3 C.=0.69 H/B, + 0.11
+0.5 C. = 1.50 H/B, — 0.07 -0.5 C. = 0.61 H/B, + 0.20
+0.7 C. = 1.59 H/B, — 0.09 -0.7 C. = 0.55 H/B, + 0.25
+1.0 C.=1.69 H/B, — 0.12 -1.0 C. =047 H/B, + 0.40
+2.0 C. =193 H/B, — 0.17

SOURCE: Reprinted from Spangler and Handy, Soil Engineering, 4th ed., Harper & Row,

1982, by permission of the publisher.
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TABLE 2.3 Design Values of Settlement Ratio

Conditions Settlement ratio
Rigid culvert on foundation of rock or unyielding soil +1.0
Rigid culvert on foundation of ordinary soil +0.5 to +0.8
Rigid culvert on foundation of material
that yields with respect to adjacent natural ground 0to +0.5
Flexible culvert with poorly compacted side fills —-0.4t00
Flexible culvert with well-compacted side fills* -0.2to +0.8

*Not well established.
SOURCE: Reprinted from Spangler and Handy, Soil Engineering, 4th ed.,
Harper & Row, 1982, by permission of the publisher.

same amount as the top of the conduit (see Fig. 2.4). The settlement
ratio is defined as

(S, +8,) — (Sf+ d.)
T'sqa = S

(2.8)

Critical plane settlement = S,, (strain in side soil) + S, (ground set-
tlement). Settlement of the top of the pipe = S;(conduit settlement) +
d. (vertical pipe deflection). If S,, + S, = S; + d,, then r,; = 0.

When a pipe is installed in a narrow, shallow trench with the top of
the pipe level with the adjacent natural ground, the projection ratio p
is zero. The distance from the top of the structure to the natural
ground surface is represented by pB..

The question may be asked, Is Marston’s equation for the earth load
on a rigid pipe in a ditch valid regardless of the width of the trench?
The answer to this question was given by W. J. Schlick, a colleague of
Marston, in 1932.2t Schlick found that Marston’s equation, Eq. (2.4),
for W, was valid until the point where the ditch conduit load W, was
equal to the projection conduit load W,. That is, the load will contin-
ue to increase according to Eq. (2.4) for an increasing trench width
until the ditch load is equal to the embankment load. Once this point
is reached, the correct load must be calculated by Eq. (2.5). The trench
width at which this occurs is called the transition width. Figure 2.6 is
a plot of values of H/B, and r,;p that give B,/B, values that represent
the transition width. That is, W, = W,. It is generally suggested that
an r,p value of 0.5 be used to determine the transition width.

If the calculation of B,/B, is:

® Greater than that of Fig. 2.6, use W,.
® Less than that of Fig. 2.6, use W..
m Equal to that of Fig. 2.6, then W, = W,
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Figure 2.6 Curves for transition-width ratio. (Reprinted from Spangler and

Handy, Soil Engineering, 4th ed., Harper & Row, 1982, by permission of the
publisher.)

Example Problem 2.2 What is the transition width for a 12-in pipe buried 6
ft deep?

H 6 ft 12 in

Be 12in 1ft

From Fig. 2.6,
B,
B, ~ 2.35
rsap = 0.5

B
B, (transition) = Ed B, =2.35 (1 ft) = 2.35 ft

c

Tunnel construction. Marston’s theory may be used to determine soil
loads on pipes that are in tunnels or that are jacked into place through
undisturbed soil. The Marston tunnel load equation is
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Wt = Cth ('YBt -20) (2.9

where W, is the load on the pipe in pounds per linear foot and v is spe-
cific weight. The load coefficient C; is obtained in the same way that
C,; was determined (see Fig. 2.2). And B, is the maximum tunnel
width; or if the pipe is jacked, B, is the OD of the pipe. The coefficient
C is called the cohesion coefficient and is, dimensionally, force per unit
area (Ib/ft?).

Equation (2.3) can be used in calculating C, as well as C,. This
equation indicates that for very large values of H/B, C,; approaches a
limiting value of 1/(2K ). Thus, for very deep tunnels, the load can be
closely estimated by using the value of 1/(2Ku’) for C..

It is readily apparent that the theory for loads on pipes in tunnels or
being jacked through undisturbed soil is almost identical to the theo-
ry for loads on pipes in trenches. The tunnel load will be somewhat
less because of the soil cohesion. It is also apparent from Eq. (2.9) that
C is very important in determining the load. Unfortunately, values of
the coefficient C have a wide range of variation even for similar soils.
The value of C may be determined by laboratory tests on undisturbed
samples. Conservative values of C should be used in design to account
for possible saturation of the soil. It has been suggested that about
one-third of the laboratory determined value should be used for
design. The Water Pollution Control Federation (WPCF) Manual of
Practice, No. FD-5, recommends the use of values given in Table 2.4 if
reliable laboratory data are not available or if such tests are impracti-
cal. It is also suggested that this coefficient be taken as zero for any
zone subjected to seasonal frost and cracking or loss of strength
because of saturation. The factor yB, — 2C cannot be negative.
Therefore, 2C cannot be larger than yB,.

Flexible pipe

A flexible pipe derives its soil-load-carrying capacity from its flexibility.
Under soil load, the pipe tends to deflect, thereby developing passive
soil support at the sides of the pipe. At the same time, the ring deflec-
tion relieves the pipe of the major portion of the vertical soil load which
is picked up by the surrounding soil in an arching action over the pipe.
The effective strength of the flexible pipe-soil system is remarkably
high. For example, tests at Utah State University indicate that a rigid
pipe with a three-edge bearing strength of 3300 1b/ft buried in class C
bedding will fail by wall fracture with a soil load of about 5000 lb/ft.
However, under identical soil conditions and loading, a PVC sewer pipe
deflects only 5 percent. This is far below the deflection that would cause
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TABLE 2.4 Recommended Safe Values of Cohesion C

Values of C

Material kPa Ib/ft?
Clay, very soft 2 40
Clay, medium 12 250
Clay, hard 50 1000
Sand, loose, dry 0 0
Sand, silty 5 100
Sand, dense 15 300

damage to the PVC pipe wall. Thus the rigid pipe has failed, but the
flexible pipe performed successfully and still has a factor of safety
with respect to failure of 4 or greater. Of course, in flat-plate or
three-edge loading, the rigid pipe will support much more than the
flexible pipe. This anomaly tends to mislead some engineers because
they relate low flat-plate supporting strength with in-soil load
capacity—something one can do for rigid pipes but cannot do for
flexible pipes.

Marston load theory. For the special case when the sidefill and pipe
have the same stiffness, the amount of load V that is proportioned to
the pipe can be found merely on a width basis. This means that if the
pipe and the soil at the sides of the pipe have the same stiffness, the
load V will be uniformly distributed as shown in Fig. 2.7. By simple
proportion the load becomes

W.iB. _ CdVBdZBc

W, =
Bd Bd

or
W, = CqvB.B, (2.10)

Pipe stiffness versus soil compressibility. Measurements made by
Marston and Spangler revealed that the load on a flexible pipe is sub-
stantially less than that on a rigid pipe (see Fig. 2.3). The magnitude
of this difference in loads may be a little shocking. The following anal-
ogy will help us to understand what happens in the ground as a flexi-
ble pipe deflects. Suppose a weight is placed on a spring. We realize
the spring will deform, resisting deflection because of its spring stiff-
ness. When load versus deflection is plotted, we find that this rela-
tionship is linear up to the elastic limit of the spring (Fig. 2.8). When
a load is placed on a flexible pipe, the pipe also deflects and resists
deflection because of its stiffness. It is even possible to think of soil as
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Figure 2.7 Load proportioning according to Marston’s theory
for a flexible pipe.

being a nonlinear spring that resists movement or deflection because
of its stiffness (Fig. 2.9).

When we draw an analogy between a rigid pipe represented by a
stiff spring in comparison to soil at its sides, represented by more flex-
ible springs, and then place a load or weight on this spring system
representing a rigid pipe in soil, we can easily visualize the soil
deforming and the pipe carrying the majority of the load (see a in Fig.
2.10). If the situation is reversed and we place a flexible spring
between two springs which are much stiffer, representing the soil, we
can again picture the pipe deflecting as a load is applied and the soil
in this case being forced to carry the load to a greater extent (see b in
Fig. 2.10).

When a flexible pipe is buried in the soil, the pipe and soil then work
as a system in resisting the load (Fig. 2.11). The system is statically
indeterminate. That is, the deflection of the pipe is a function of the
load on the pipe, but the load on the pipe is a function of the deflection.
The reduction in load imposed on a pipe because of its flexibility is
sometimes referred to as arching. However, the overall performance of
a flexible pipe is not just due to this so-called arching, but is also due
to the soil at the sides of the pipe resisting deflection (see Fig. 2.12).

Equation (2.10) has become known as the Marston load equation for
flexible pipes. It should be remembered, however, that the assumption
of soil friction resisting the downward movement of the central soil
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Figure 2.8 Graphic of linear spring.

Figure 2.9 Graphic of spring, pipe, and soil.

prism has been used in its development, and that it should not be used
merely because a pipe is flexible. The maximum loads on rigid and
flexible pipes as predicted by the Marston equations, (2.4) and (2.10),
do not take place instantaneously and may not occur for some time. In
certain cases the initial load may be 20 to 25 percent less than the
maximum load predicted by Marston, and the long-term load may be
greater than that predicted.

Example Problem 2.3 For Example Problem 2.1, what would be the load if
the pipe and side soil had approximately the same stiffness?
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Figure 2.10 Flexible and stiff springs working together.

Figure 2.11 Graphic of pipe and soil working together as a system.

W, = C,yB.B, = 1.6 (120) (%) (%) ~ 1008 Ib/ft (2.10)

Prism load. Again, Eq. (2.4) represents a maximum-type loading con-
dition, and Eq. (2.10) represents a minimum. For a flexible pipe, the
maximum load is always much too large since this is the load acting
on a rigid pipe. The minimum is just that, a minimum. The actual load
will lie somewhere between these limits.
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Figure 2.12 Graphic showing the contribution of sidefill
soil in the performance of a flexible pipe.

A more realistic design load for a flexible pipe would be the prism
load, which is the weight of a vertical prism of soil over the pipe. Also,
a true trench condition may or may not result in significant load
reductions on the flexible conduit since a reduction depends upon the
direction of the frictional forces in the soil. Research data indicate
that the effective load on a flexible conduit lies somewhere between
the minimum predicted by Marston and the prism load. On a long-
term basis, the load may approach the prism load. Thus, if one desires
to calculate the effective load on a flexible conduit, the prism load is
suggested as a basis for design. The prism or embankment load is giv-
en by the following equation (see Fig. 2.13):

P=~H (2.11)

where P = pressure due to weight of soil at depth H
v = unit weight of soil
H = depth at which soil pressure is required

Example Problem 2.4 Assume an 8-in-OD flexible pipe is to be installed in a
24-in-wide trench with 10 ft of clay soil cover. The unit weight of the soil is
120 1b/ft3. What is the load on the pipe?

For the Marston load, use Eq. (2.10) for minimum W:

Wy = CqyB.Bq

where C; = 2.8, from Fig. 2.2
v = 120 1b/ft3
B, = trench width = 2 ft
B,=0D =8in=%,ft

Marston load = W, = (2.8) (120) (2) (¥,) = 448 Ib/ft
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The prism load is the
h  weight of the prism of
soil over the pipe.

Figure 2.13 Graphic depiction of the prism load on a pipe.

For the prism load, use Eq. (2.11):
P = yH = 120 (10) = 1200 Ib/ft?
To obtain load in pounds per foot, multiply the above by the pipe OD in feet:
W = 1200 (¥,) = 800 Ib/ft

The Marston load for this example is 56 percent of the prism load and is
unconservative for design. Again, for flexible conduits, the prism load theo-
ry represents a realistic estimate of the maximum load and is slightly con-
servative.

Trench condition. The Marston-Spangler equation for the load on a
flexible pipe in a trench is given by Eq. (2.10). The load coefficient C,
is obtained from Fig. 2.2. One may ask, Under what conditions, if any,
will the prism load and the ditch (trench) load be equal?

Prism load P = yH  1b/ft?
Marston load W, = CyyB.B.

Multiply the prism load by B, (to express in pounds per foot, as in the
Marston load) and set it equal to the Marston load.
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PB. = yHB, = W,; = CyyB4B.

Solve for

H
Cd—Fd

Thus the prism load is a special case of the Marston-Spangler trench
load. In Fig. 2.2, C, = H/B, is plotted as a straight 45° line. One of the
advantages of the prism load is that it is independent of trench width.

Embankment condition. The load on a flexible pipe in an embankment
may be calculated by the Marston-Spangler theory via Eq. (2.5).

W, = CyB.?

This equation does not include a trench width term since a trench is not
involved. Again it is interesting to set this load equal to the prism load.

Prism load X B, = PB, = yHB,
Marston embankment load W, = C,yB,?

Equating the two loads,

vHB, = C.yB/?
or
H
C.= o
c BC

and C, can be determined from Fig. 2.5. The above equation plots as a
straight 45° line on Fig. 2.5. This is the line shown for r;p = 0. Thus
for an embankment, the prism load is the same as the Marston load
for rgup = 0.

Tunnel loadings. There are few documented data dealing with loads on
flexible pipes placed in unsupported tunnels. However, since a flexible
pipe develops a large percentage of its load-carrying capacity from pas-
sive side support, this support must be provided, or the pipe will tend
to deflect until the sides of the pipe are being supported by the sides of
the tunnel.

When a flexible pipe is jacked into undisturbed soil, the load may be
calculated by either the prism load, Eq. (2.11), or Eq. (2.9).

Bt:Bc
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W, = PB, = yHB, (2.11)
W, = C,B, (B, — 2C) (2.9)

The prism load in this case will be very conservative because it
neglects not only friction but also the cohesion of the soil. If C, is tak-
en as H/B, and the cohesion coefficient is zero, then the two methods
of calculating loads give the same results.

Longitudinal Loading

Certain types of pipe failures which have been observed over the years
are indicative of the fact that only under ideal conditions is a pipeline
truly subjected to only vertical earth loading. There are other forces
that in some way produce axial bending stresses in the pipe. These
forces can be large, highly variable, and localized and may not lend
themselves to quantitative analysis with any degree of confidence.
Some of the major causes of axial bending or beam action in a pipeline
area are

1. Nonuniform bedding support
2. Differential settlement

3. Ground movement for such external forces as earthquakes or frost
heave

Nonuniform bedding support

A nonuniform bedding can result from unstable foundation materials,
uneven settlement due to overexcavation and nonuniform compaction,
and undermining, such as might be produced by erosion of the soil into
a water course or by a leaky sewer.

One of the advantages of a flexible conduit is its ability to deform
and move away from pressure concentrations. The use of flexible joints
also enhances a pipe’s ability to yield to these forces and reduces the
risk of rupture. These advantages, coupled with good engineering and
a proper installation, virtually eliminate axial bending as a cause of
failure in a flexible pipe. The examples which follow in Figs. 2.14, 2.15,
and 2.16 give an indication of the magnitude of bending moments that
might be induced.

Axial bending of a long tube in a horizontal plane will produce ver-
tical ring deflection (Ay/D) due to the bending moments created.
Reissner?® has amplified the work of others in this area, and the fol-
lowing formula results from his work on pure bending of a long pres-
surized tube:
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where D = nominal pipe diameter
t = pipe thickness
R = radius of curvature of longitudinally deflected pipe
Ay
D

ring deflection
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Figure 2.17 Ring deflection due to axial bending.

Although Reissner’s derivation included internal pressure, it has been
omitted from Eq. (2.12) because the nonpressure case is the more crit-
ical for ring deflection (see Fig. 2.17). This type of bending frequently
occurs when pipes are bent around corners.

Differential settlement

Differential settlement of a manhole or other structure to which the
pipe is rigidly connected can induce not only high bending moments,
but also shearing forces. These forces and moments are set up when
the structure and/or the pipe moves laterally with respect to the
other. Quantitatively, these induced stresses are not easily evaluat-
ed. Effort should be made during design and during construction to
see that differential settlement is eliminated or at least minimized.
This can be accomplished by the proper preparation and compaction
of foundation and bedding materials for both the structure and the
connecting pipe.

Ground movement

Certain types of soils (mostly expansive clays) are influenced by mois-
ture content. Such soil may be subjected to seasonal rise and fall due
to changes in moisture. Good practice does not allow pipes to be
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embedded directly in such soils. Nevertheless, such shifting by adja-
cent soil can and will affect a pipeline. Normally these movements are
relatively small but may be large enough to adversely affect the pipe
performance.

To mitigate such adverse effects for rigid pipe, short lengths are
used with flexible joints. In the case of flexible pipe, the pipe’s natural
flexibility tends to allow the pipe to conform to these movements with-
out structural distress. In this case, both longitudinal flexibility and
diametrical flexibility are important.

Tidal water may also cause ground movement. These movements
may be designed for as described above.

Wheel Loading (Live Loads)
Boussinesq solution

Here, live loads mean static or quasi-static surface loads. Buried con-
duits may be subjected to such applied loads produced by ground
transportation traffic. The French mathematician Boussinesq calcu-
lated the distribution of stresses in a semi-infinite elastic medium due
to a point load applied at its surface. This solution assumes an elastic,
homogeneous, isotropic medium, which soil certainly is not. However,
experiments have shown that the classical Boussinesq solution, when
properly applied, gives reasonably good results for soil.

Figure 2.18 compares the percent of a surface load that is felt by a
buried pipe as a function of depth of burial as calculated by the
Boussinesq equation and as found from measurements.

Hall and Newmark integrated the Boussinesq solution to obtain
load coefficients. The integration developed by Hall for C, is used for
calculating concentrated loads (such as a truck wheel) and is given in
the following form:

_ C.PF
Wsc - L

where W,. = load on pipe, Ib/unit length
P = concentrated loads, 1b
F’ = impact factor (see Table 2.5)
L = effective length of conduit (3 ft or less), ft
C, = load coefficient which is a function of B./(2H) and L/(2H),
where H = height of fill from top of pipe to ground
surface, ft; and B, = diameter of pipe, ft

(2.13)

The integration developed by Newmark for C, is used for calculating
distributed loads and is given in the form

Wi = C;pF'B, (2.14)
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Figure 2.18 Distribution of surface live loads versus loads on a plane at
depths of cover. Boussinesq solutions versus actual measurement.
(Reprinted from Spangler and Handy, Soil Engineering, 4th ed., Harper &

Row, 1982, by permission of the publisher.)

TABLE 2.5 Impact Factor F' versus Height of Cover
Installation surface condition
Taxiways,
aprons,
Height of hardstands,
cover, ft ~ Highways Railways Runways run-up pads
Otol 1.50 1.75 1.00 1.50
1to2 1.35 * 1.00 T
2to03 1.15 * 1.00 F
Over 3 1.00 * 1.00 T

*Refer to data available from American Railway Engineering
Association (AREA).

fRefer to data available from Federal Aviation Administration (FAA).

SOURCE: Reprinted from Uni-Bell Handbook?® by permission.
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where the only new term is p, which is the intensity of the distributed
load in pounds per square foot. The load coefficient C, is a function of
D/(2H) and M/(2H), where D and M are the width and length, respec-
tively, of the area over which the distributed load acts. The values of
the impact factor F’ can be determined from Table 2.5 and the load
coefficient C, from Table 2.6.

Highway and railway loads

Figure 2.19 is a plot of an H-20 live load, prism earth load, and the
sum of the two. An H-20 loading is designed to simulate a highway
load of a 20-ton truck. Figure 2.14 includes a 50 percent impact factor
to account for the dynamic effects of the traffic.

Figure 2.20 is a plot of an E-80 live load, prism earth load, and the
sum of the two. An E-80 loading is designed to represent a railway
load, and again this includes a 50 percent impact factor.

An H-20 load consists of two 16,000-1b concentrated loads applied
to two 18-in by 20-in areas, one located over the point in question
and the other located at a distance of 72 in away. It is interesting to
note (Fig. 2.19) that for the example considered, the minimum total
load would occur at about 4%, ft of cover. Also, it is evident from Fig.
2.19 that live loads have little effect on pipe performance except at
shallow depths. Thus, design precautions should be taken for shal-
low installations under roadways. If the live load is an impact-type

16 l l /
1 Live load applied on /
. assumed area of 36 x 40 A
Dead load / ¢
o 120 ib/cu ft A
H-20 live load / 4
5 +impact A /
VA%
6 // (/

Height of cover, ft

4 A
\ |- Total load
) <« live + dead
\.\ ]
500 1000 1500 2000

Vertical soil pressure, 1b/ft?

Figure 2.19 Combined H-20 highway live load and dead load is
a minimum at about 1.5 m (5 ft) of cover. Live load is applied
through a pavement 305 mm (1 ft) thick.
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Figure 2.20 Cooper E-80 live loading. (Reprinted from
Handbook of Steel Drainage and Highway Construction
Products,? by permission of the American Iron and Steel
Institute, Washington, D.C.)

load, it can be as much as twice the static surface load. However,
from a practical standpoint, the impact factor will usually be less
than 1.5. At extremely shallow depths of cover, a flexible pipe may
deflect and rebound under dynamic loading. Special precautions
should be taken for shallow burials in roadways to prevent surface
breakup.

The effect of heavy loads at the soil surface, such as highway traffic,
railroad, or structures built above buried pipe, is often controlled in
design practice by providing a minimum depth of cover above the pipe.
Indeed,® the pressure F, applied on the pipe wall from a concentrated
surface load P, placed right above the pipe decreases as the square of
the height of cover H

_ 3P
2mH? (1 + (dJHPF?

where P, = pressure transmitted to pipe wall, Ib/in?
P = concentrated load at surface, above pipe, 1b
H = height of cover, in
d, = offset distance from pipe to line of application of surface
load, in
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The design of water piping for surface loads is provided in AWWA
C101 (cast iron), AWWA C150, C151, and C600 (ductile iron), AWWA
M11 (steel), AWWA M45 (fiberglass), and AWWA M23, C605, and C900
(PVC). In all cases, the depth of cover is to be established by the engi-
neer on the basis of earth and surface load formulas to calculate the
demand, and pipe stress and deflection limits to calculate the capacity.
Minimum depth of cover is provided in AWWA M45 for fiberglass pipe.

In civil engineering applications, the Handbook of Steel Drainage
and Highway Construction Products (American Iron and Steel
Institute) applies to low-pressure, large-D/t buried pipes. In this case,
the minimum cover for surface live loads is established on the basis of
experience. The minimum cover specified is one-eighth (D/8) for high-
way conduits, D/4 and D/5 for railway conduits, but not less than 12
in. Deeper covers may be needed during construction for traffic of
heavy equipment.

Where surface loads are of an impact nature, such as the impact of
wheels on uneven roads, an impact factor is added to the surface load.
For gas and liquid pipelines, a minimum depth of cover is usually used
in place of detailed design analysis or encasement of the pipe.
Minimum depths of cover for ductile iron gas pipelines follow the rules
of AWWA C150.

Aircraft loads

Design live loads for modern airports may be very large. Airports are
often designed for wheel loads of aircraft which have not yet been
designed. Table 2.7 lists live loads for an aircraft loading of 180,000-1b
dual-tandem gear assembly.

In the design for live loads on pipe buried under runway pavement,
the impact factor is taken as 1.0. This is because the load is partially
taken by the aircraft’s wings when the aircraft is landing. For taxi-
ways, aprons, and so on, an impact factor may be necessary (see Table
2.5). The design engineer should seek current data available from the
Federal Aviation Administration.

Minimum soil cover

Figure 2.19 is copied from AISI graphs of vertical pressures on buried
pipes (Handbook of Steel Drainage and Highway Construction
Products?). As soil cover decreases, live load pressure on a buried pipe
increases. There exists a minimum height of soil cover. If the soil cov-
er is less than the minimum, the surface live load may damage the pipe.
Less obvious is a minimum height of soil cover for dead load (weight of
soil only). Each of these cases is discussed for rigid and flexible rings.
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TABLE 2.8 Minimum Depth of Cover for Fiberglass Pipe (AWWA M45-1996)

Condition Minimum cover, in

High-stiffness soils with crushed

rock and gravel with < 15% sand

and 75% fines (soil stiffness

category SC1), with AASHTO-20 live load 24
Lower-stiffness soils (SC2 to 4) with

AASHTO-20 live loads 36
Use of hydrohammer for compaction 48
Other conditions Established by engineer

NOTE: The H-20 load assumes two 16,000-1b concentrated loads, one over the pipe,
the other 72 in away, corresponding to a 20-ton truck load.

Only cohesionless soil is considered because vehicles are unable to
maneuver on poor soil such as wet cohesive soil.

Notation

A cross-sectional area of pipe wall per unit length of pipe

c distance from neutral surface of pipe wall cross section to most
remote fiber

D mean diameter of pipe

E modulus of elasticity of pipe material

H’ = installed height of soil cover (see Fig. 2.24)

H = rutted height of soil cover

1 centroidal moment of inertia of pipe wall cross-sectional area
per unit length of pipe

M = moment in wall due to ring deformation

P vertical soil pressure at level of top of pipe due to a surface
load distributed over a rectangular area

r mean radius of pipe

S compressive strength of pipe wall

T circumferential thrust in ring

W = weight of a surface load

Y unit weight of soil

p soil density in percent standard Proctor (AASHTO T-99, ASTM
D 698) for granular soil cover and embedment

o, = yield stress of pipe

o ring compression stress
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Figure 2.21 Flexible ring in the process of collapse under minimum dead load soil cover
showing the load wedges advancing against the ring, and lighter restraint wedges being
lifted.

Dead load. Cohesionless soil cover is minimum if the pipe is unable to
resist the variation in soil pressure. This concept is shown in Fig. 2.21,
where top pressure is yH but shoulder pressure is greater than yvH. If
the pipe cannot resist the difference in pressures, shoulder wedges
slide in against the pipe, deforming the ring which lifts the top wedges.
Collapse of the pipe is catastrophic. If the pipe is rigid (brittle), col-
lapse is fragmentation. If the pipe is flexible, equations of equilibrium
of soil wedges provide values of minimum soil cover. For typical gran-
ular backfill, based on analysis confirmed by tests, minimum cover is
about H = D/10. An often specified minimum allowable is H = D/6, but
this applies to a perfectly flexible ring. In fact, pipes have ring stiffness
and so provide resistance to dead load collapse.

Pyramid/cone soil stress. The Boussinesq and Newmark procedures
for calculating live load pressure on a buried pipe are based on the
assumption that soil is elastic. The assumption does not apply to min-
imum-cover analysis. Pipe damage due to surface loads on less-than-
minimum cover occurs after a truncated soil pyramid or cone is
punched through. Figure 2.22 shows a truncated pyramid and cone. If
the loaded surface area is circular, a truncated cone is punched
through. If the loaded surface area is a rectangle, a truncated pyra-
mid is punched through. Pyramids are imperfect because sharp cor-
ners do not form. Nevertheless, using a conservative pyramid slope 0,
the analysis is applicable. The tire print of dual wheels is nearly rec-
tangular.
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Figure 2.22 Soil stress models for minimum cover are free-body
diagrams of truncated pyramid and cone showing shear planes on
slope 0 at “punch-through.”

Figure 2.23 shows a surface live load W on a rectangular area (tire
print) of breadth B and length L. If W is great enough to punch
through granular soil and damage the pipe, then shear planes must
form in the soil, isolating a truncated pyramid—a pedestal that sup-
ports the load.

The total load on the pipe is surface load W plus the weight of the
pyramid of soil. The weight of the soil is ignored because it is small
compared to any surface load great enough to punch through. The ver-
tical soil pressure on the pipe is load W divided by the base area of the
pyramid. The angle 6 which the shear planes make with the vertical is
the pyramid angle 6 = 45° — /2, where ¢ is the soil friction angle.
From tests on cohesionless soil, the pyramid angle is roughly 35°, for
which tan 6 = 0.5, and the base area is approximately (B + H)(L + H).
The precision is as good as can be justified for typical installations.
Analysis is conservative. At punch-through, the pressure on the pipe is
the pressure at the base of the pyramid, i.e.,

w
P = B+H L+ H (2.15)

For H-20 dual-wheel load on a firm surface, B = 180 mm (7 in) and L
= 560 mm (22 in) if tire pressure is 7 MPa (105 1b/in?).
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Figure 2.23 Truncated pyramid punched through a minimum soil
cover H by an approaching wheel load W. Shear planes form on a
1:2 slope. Typical angles « are less than 45°. Pressure is approx-
imately P = W/[(B + H)L + H)l.

Live load. Minimum height of soil cover can be found by solving Eq.
(2.15) for H if the surface load W is known and if the allowable pres-
sure P on the pipe can be evaluated for any given pipe and for any giv-
en performance limit, such as inversion or ring compression at yield.
Evaluation of allowable pressure P must include ring compression
strength, ring stiffness, and the critical location of the load.

An unsuspected problem in the minimum-cover analysis is the defi-
nition of the height of soil cover. For paved highways, the height of soil
cover remains constant during passes of live loads. But during con-
struction, a heavy load leaves ruts. See Fig. 2.24. In fact, successful
passes of the load may increase the depth of the ruts. If the depth of
ruts approaches a limit as the number of passes increases, the pipe-
soil system is stable. But if the depth of ruts continues to increase with
each pass of the surface load, it is obvious that the pipe may be in the
process of inversion. Whatever the ultimate damage may be, a perfor-
mance limit has been exceeded. Minimum soil cover is defined as that
soil cover H less than which the pipe-soil system becomes unstable
upon multiple passes of surface load W. The height of cover to be used
in Eq. (2.15) for soil stress on the pipe is H after the ruts have reached
their maximum depth.

For rigid pipes, failure is fracture of the pipe and possible fragmen-
tation. Critical load is located either symmetrically over the pipe,
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Figure 2.24 Sketch of a surface wheel load passing over a pipe buried in
loose soil.

shown in Fig. 2.22, or, less often, on approach, shown in Fig. 2.23. For
flexible pipes, failure is ring inversion as live load approaches, shown
in Fig. 2.23. The leading edge of the base area of the truncated pyra-
mid is at the crown of the pipe. From observations of granular soil
cover, the inversion angle is a = 30° to 40°, or, to be conservative,
assume o = 45°.

Analysis entails evaluation of the maximum moment caused by
the live load. Dead load is neglected. The weights of soil wedges are
small compared to the live load. Shear between wedges and between
pipe and soil is neglected. The ring is fixed at both ends of the col-
lapse arch. See Fig. 2.25. Vertical soil pressure P becomes radial P
on a flexible ring. Castigliano’s equation is used to find the reac-
tions, the maximum moment M, and thrust 7. Maximum M is locat-
ed by equating its derivative to zero. If wall crushing is critical,
thrust T is pertinent.

If circumferential stress is of interest,

T Mc C e
= — + — m .
T A 7 elastic limit (2.16)

The thrust term T/A is usually so small compared to the moment term
that it can be neglected. And T' = yHr = circumferential thrust due to
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Figure 2.25 Free-body diagram of the inversion arch for finding maximum moment M in
terms of pressure P due to a surface wheel load W approaching a pipe with minimum
soil cover H. Locations of four potential plastic hinges are shown as circles. Hinging
starts at the location of maximum moment.

deadweight of the soil cover on the right side of the crown. It is more
likely that the performance limit is inversion at plastic hinging. As
hinging progresses, four hinges develop and isolate a three-link mech-
anism. See Fig. 2.25. For plain pipes and corrugated pipes, the
moment at plastic hinging (by plastic analysis) is approximately 3/2
times the elastic moment at yield stress. Therefore,

_ 2Mc
3I

o plastic hinging (2.17)

Live load soil pressure is constant radial pressure P over 45° left of
the crown, point A. From Castigliano’s equation, the maximum
moment occurs at the point of minimum radius of curvature, about 12°
to the right of the crown A, and is

M = 0.022Pr*

For design of pipes based on flexural yield stress o; the minimum
required section modulus I/c is

r_ (0.022Pr?) st elastic limit (2.18)
C Or

I N L

P (0.015Pr?) - plastic hinging (2.19)

f

where sf is the safety factor and I/c is the required section modulus of
the pipe wall cross section per unit length of pipe. For plain pipe, I/c =
t%/6. It can be found from tables of values for corrugated metal pipes
and can be calculated for other pipes. Tests show that I/c from these
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equations is conservative. A safety factor of 1.5 is usually adequate,
and it does not need to be greater than 2 for highway culverts. With M
and T known, Eq. (2.16) can be solved for the maximum stress when-
ever stress (or strain) is of concern, as in the case of bonded linings in
pipes. And H does not appear in Egs. (2.18) and (2.19) because the
weight of the soil is negligible.

Example Problem 2.5 Find the minimum cover of granular soil over corru-
gated polyethylene pipe with 460-mm (18-in) inside diameter (ID). The poly-
ethylene is HDPE (high-density polyethylene). The soil cover is compacted
to 85 percent density (AASHTO T-99, ASTM D 698). The yield strength of
HDPE at sudden inversion is 21 MPa (3 ksi). The surface load is a highway
truck dual wheel for which the area of the tire print is 180 mm (7 in) by 560
mm (22 in). The procedure is to substitute values of P from Eq. (2.15) into
Eq. (2.18). By including values of r and I/c for 460-mm (18-in) HDPE pipe,
the resulting equation becomes a quadratic, (H + 14.5 in)? = 56.25 in? +
25W in%kip. Solutions are as follows:

W, kN (kips) 25 (5.5) 31(7) 48 (9) 71(16)
H, mm (in) —15(-0.6) 18 (0.7) 58 (2.3) 175 (6.9)

W = dual-wheel load of 70 kN (16 kips = H-20 load)
H = rutted soil cover—no surface pavement

A safety factor of 2 is often applied to H because loads are dynamic—not
static. Some specifications require a minimum cover of 1 ft of compacted
granular backfill. The negative H = —15 mm at W = 25 kN indicates that
soil cover is not needed for such a light load. The pipe can carry a 25-kN
dual-wheel even though the top of the pipe is exposed. Of course, enough soil
cover should be provided to allow for rutting, prevent surface rocks from
denting the pipe, and prevent crushing of corrugations. This example is con-
firmed by field tests. A similar analysis for 610-mm (24-in) HDPE pipes is
almost identical. Apparently manufacturers provide equivalent properties
for their pipes in both sizes. Installation techniques are about the same for
460-mm (18-in) and 610-mm (24-in) corrugated HDPE pipes.

Flotation. When pipes are buried in soil under water, the minimum
height of soil cover to prevent flotation of an empty pipe is about H =
D/2. But the soil should be denser than the critical density in order to
prevent liquefaction. Because a safety factor is advisable, specifica-
tions often call for minimum H = D.

Rigid pipe. Two performance limits for buried rigid pipes subjected to
surface loads are longitudinal fractures and broken bells.
Circumferential fractures can occur, but less frequently. They occur at
midlength of a pipe acting as a simply supported beam under a heavy
load at midspan.
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Longitudinal fractures. Longitudinal fractures occur if vertical pressure
P exceeds the ring strength. Generally, the worst location of the sur-
face load is directly above the pipe, as shown in Fig. 2.22. Minimum
soil cover H is based on punch-through of a pyramid or cone.
Longitudinal fractures occur at 12 and 6 o’clock and 9 and 3 o’clock.
This is not collapse of the pipe. Many gravity flow pipes serve even
when cracked. The soil envelope holds the ring in nearly circular
shape. But for some rigid pipes, such as pressure pipes, longitudinal
cracks are unacceptable. Occasionally one longitudinal hairline crack
occurs—at 12 o’clock, or possibly at 6 o’clock if the pipe is on a rigid
bedding. If the embedment is compacted select soil, a crack at 12
o’clock might be caused either by a surface wheel load or by a consci-
entious installer who compacts the first layer above the pipe directly
against the pipe. It is prudent to compact sidefills; however, one should
leave the first layer uncompacted over the pipe within one pipe diam-
eter. For many buried rigid pipes, longitudinal cracks are not the per-
formance limit. Good embedment holds the pipe in shape such that the
pipe is in ring compression—not flexure. It performs in the same way
as brick sewers with no mortar. Brick sewers function structurally, but
are not leakproof.

The vertical pressure is P = B + P, where the live load pressure P is
found by the pyramid/cone theory. For minimum cover analysis, dead
load pressure P, is negligible. The live load pressure B is a function of
height of cover H. Minimum cover can be found from equating P, = B,
where critical pressure P,, is a function of class of bedding and class of
pipe. Values are published for each class.

Broken bells. If a pipe section acts as a beam, the performance limit
may be signaled a broken bell. Under heavy live load and minimum
soil cover, rigid pipes require support under the haunches. If soil is not
deliberately placed under the haunches, a void remains. See Fig. 2.26.
If the angle of repose of the embedment is ¢” = 40°, the void is wider
than one-half the outside diameter [0.643(OD)]. Live load on the pipe
could cause the top of the pipe to move downward either by cracking
the pipe or by pressing the pipe into the bedding. Under the haunches,
loose soil at its angle of repose offers little resistance. As a pipe section
deflects downward, it becomes a simply supported beam with reactions
at the ends of the pipe section. See Fig. 2.27. It is this reaction @ that
fractures the bell. Clay pipes and nonreinforced concrete pipes are vul-
nerable because of low tensile strength. The maximum tensile stress is
in the bell near the spring line. Once it is cracked, a shard forms
roughly one diameter in length, as shown in Fig. 2.27. An approximate
analysis is done by equating the @ that can be withstood by the bell to
the @ reaction caused by the surface load on the pipe section acting as
a beam.
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Figure 2.26 Rigid pipe cross section showing how voids are left if soil is not

deliberately placed under the haunches.

REAC]F 10N

Figure 2.27 Bell end of a section of rigid pipe subjected to live load pressure, but acting
as a simply supported beam. Reactions @ at the ends are provided by contiguous pipe
sections.

Example Problem 2.6 A nonreinforced concrete pipe, with ID of 380 mm (15
in), bell and spigot, C-14, class 3, is to be used as a storm drain. The outside
diameter is OD = 480 mm (19 in). What is the minimum cover H if the frac-
ture is a broken bell? The length of nonreinforced pipes is L = 2.4 m (8 ft).
Assume (estimate) that the cross-sectional area of the thin part of the bell
is A = 3230 mm? (5 in2). Tensile stress at the spring lines is o = Q/(2A), from
which maximum @ = 2Ac; where oy = tensile strength of the concrete.
Reaction @ at fracture is @ = 2Ao; = 44.5 kN (10 kips). But @ is the reac-
tion to pressure B on the pipe which is caused by surface live load W. From
the punch-through cone analysis, B = 4W/[w(32 in + H)?]. Conservatively, it
can be assumed that W is located at midspan, and that reaction @ =
0.5P(0OD)(32 in + H). Substituting for P and equating the two @ values give

W (OD)

m = AO’f (2.20)
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From Eq. (2.20), the minimum soil cover is H = 724 mm (28.5 in). In this
analysis, the pipe section is a simply supported beam (no support from the
soil). Minimum cover is 724 mm (28.5 in). This is an upper limit.

It is prudent to specify good bedding and embedment, and to require a
minimum cover of 0.9 m (3 ft) for the impact loads of heavy construction
equipment. To place and compact embedment under the haunches, a
windrow of soil along the pipe can be shoved into place by laborers with J-
bars working on top of the pipe, by flushing the windrow under the haunch-
es with a water jet, or by mechanical compactors. Some installers pour soil
cement or slurry under the haunches. The slump should be about 10 in, and
the strength should be low—maybe 100 1b/in2.

Example Problem 2.7 What is the minimum cover H for the pipe in the
above examples based on maximum longitudinal tensile stress o = Mc/I in
the bottom of a simply supported beam? With a uniform load w at
midspan, M = wL?/8, where w is the load per unit length of beam; that is,
w = P(OD) = 4W/[w(32 in + H)?]. And I/c = (w/32)[(OD)* — (ID)*)/OD. If
tensile strength is o, = 7 MPa (1 ksi), substituting values into the equa-
tion oy = M/(I/c) gives H = 665 mm (26.2 in). Failure by a broken bell is
slightly more critical.

Similitude. Engineering is basically design and analysis with atten-
tion paid to cost, risk, safety, etc. In this section, the design considered
is a buried pipe. Analysis is a model that predicts performance.
Performance must not exceed performance limits. Mathematical mod-
els are convenient. Physical, small-scale models are better for complex
pipe-soil interaction. The most dependable models are full-scale proto-
types. Mathematical models are often written to describe prototype
performance because it is impractical to perform a full-scale prototype
study for every buried pipe to be installed. The set of principles upon
which a model can be related to the prototype for predicting prototype
performance is called similitude. Similitude applies to all models—
mathematical, small-scale, and prototype.
There are three basic steps in achieving similitude.

1. Fundamental variables (FVs) are all the variables that affect the
phenomenon. All the FVs must be uniquely interdependent. However,
no subset of FVs can be uniquely interdependent. For example, force,
mass, and acceleration of gravity cannot all be used as fundamental
variables in a more complex phenomenon, because force equals mass
times acceleration. Therefore the subset is uniquely interdependent.
Only two of the three fundamental variables could be used in the phe-
nomenon to be investigated.

2. Basic dimensions (BDs) are the dimensions in which the FVs can
be written. The basic dimensions for buried pipes are usually force F,
distance L, and sometimes time 7" and temperature.
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3. Pi terms are combinations of the FVs that meet the following
three requirements: (@) The number of pi terms must be at least the
number of FVs minus the number of BDs. (b) The pi terms must all be
dimensionless. (c) No subset of pi terms can be interdependent. This is
ensured if each pi term contains a fundamental variable not contained
in any other pi term.

Pi terms can be written by inspection.

Example Problem 2.8 Write a set of pi terms for investigating the maximum
wheel load W that can pass over a buried flexible pipe without denting the
top of the pipe. See Fig. 2.28 for a graphical model and Fig. 2.29 for the lab-
oratory test for the determination of soil modulus E’. Following the three pi-
term requirements yields the following:

FVs BDs
W = wheel load F
EI = wall stiffness FL
H = height of soil cover L
P = all pressures FL™2
D = pipe diameter L
E’ = soil modulus FL™2
v = soil unit weight FL73

7 FVs — 2 BDs = 5 pi terms required

Here are the pi terms:

(WED?» m
(EI/D®) ™
(H/D) s
(PIE") s
(YD/E") s

This set of five pi terms, by inspection, is not the only possible set. If this
set is not convenient for investigating the phenomenon, a different set can
be written. For these pi terms, the maximum wheel load is given by the
mathematical function

wy = [ (g, w3, W4, T5) (2.21)

This functional relationship of pi terms needs to be found. Principles of
physics provide one possibility. Prototype studies allowing the writing of
empirical best-fit equations of graphs of data are another option. If small-
scale model studies are to be used, Eq. (2.21) must describe the performance
of both model and prototype. Therefore, the model must be designed such
that corresponding pi terms on the right side of Eq. (2.21) are equal for both
model and prototype. This can be accomplished, even for small-scale models,
because pi terms are dimensionless and therefore have no feel for size—or
any other dimension, for that matter. If the subscript m designates model, in
order to design the model, the design conditions (DCs) are (m,,); = (), etc.:
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Figure 2.28 Sketch of a physical model for evaluating
the wheel load passing over a buried flexible pipe that

dents the top of the pipe.
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Figure 2.29 Confined compression soil test.

1. (EI/D?),, = (EI/D®)
2. (H/D),, = (H/D)
3. (PIE),, = (P/E’)
4. (YDIE"),, = YDIE")

e= A/L
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Using subscript r to represent the ratio of prototype to model, each of the
design conditions can be met according to the following:

1. (ED, = (D,

2. (H,) =(D,) geometric similarity

where D, is length scale ratio
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3. (B) =(&)
4. (v) = (END,)

Because soil is a complex material, it would be convenient if the
same soil could be placed and compacted in the same way in both
model and prototype. The results are E,” = 1 and vy, = 1. But now
design conditions 3 and 4 are not met. From design condition 3, P. =
1. Therefore, all pressures P must be the same in the model as at
corresponding points in the prototype. For example, tire pressures
must be the same in model and prototype. The soil pressure must be
the same at corresponding depths in the model and prototype. But
this is impossible for a small-scale model if the soil has the same
unit weight. One remedy is to test the model in a long-arm cen-
trifuge such that centrifugal force plus gravity increases the effec-
tive unit weight of the soil in the model. Another approximate
remedy is to draw seepage stresses down through the model (air or
water if the soil is to be saturated) in order to increase the effective
unit weight of the model soil. For most minimum soil cover studies,
the effect of soil unit weight is negligible, so DC 4 is ignored. From
tests on the model, weight W can be observed when the buried pipe
is dented.

The prediction equation (PE) is the equation of pi terms on the left
sides of Eq. (2.21) for model and prototype, i.e.,

(W/E'D? = (W/E'D?),,
If E’ = 1, then the prediction equation is
W=Ww, D,)?

where D, is the length scale ratio of prototype to model. If the length
scale ratio is 5 (that is, 5:1 prototype to model), the load W on the pro-
totype that will dent the buried pipe is 25 times the load W,, that dents
the model pipe.

In order to write a mathematical equation (model) for the phenom-
enon, enough tests must be made to provide graphs of data for m; =
f(my) with 15 held constant and for w; = f'(mw3) with m, held constant.
From the best-fit graphs plotted through the data, an equation of
combination can be written for w; = f{m,, m3). This becomes a mathe-
matical model.

In fact, neglecting dead load, design condition 3 is met when tire
pressures are the same in model and prototype. Then the mathemati-
cal model is simply the equation of the best-fit graph of m = flm,). It
can be written in terms of the original fundamental variables.
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Soil Subsidence

Buried pipe is typically routed in competent soil and installed in a
compacted trench. These precautions provide reasonable assurance
that the soil will not deform, and therefore this effect is rarely includ-
ed in design. Where the potential for natural soil subsidence is real or,
more often, when subsidence has occurred, the buried line is analyzed
to assess its integrity. The soil movements are applied to the buried
pipe, either through soil springs or by directly deforming the pipe as a
beam following the soil contour. Stresses or strains are calculated. In
the case of a simple longitudinal pull of a straight buried pipe, as
would occur, e.g., at the interface between a buried pipe and a build-
ing penetration as the building settles, the axial stress imposed on the

pipe end would be
_ | 2EfA
7 A

where E = Young’s modulus of pipe, 1b/in?

A = building movement pull along pipe axis, in
A = cross section of pipe wall, in?
f = pipe-soil longitudinal friction, 1b/in

In certain cases, designers prefer to evaluate strains based on the
deformed shape. However, there is no consensus standard specifying
allowable strains for permanent deformation such as sustained from
soil subsidence.

Loads due to Temperature Rise

Buried pipelines are often operated at temperatures that do not sig-
nificantly differ from the surrounding soil temperature. In these cas-
es, there will be little or no differential expansion and contraction
between the pipe and soil, and a thermal design analysis is not
required. In cases where the fluid is hot or cold, stresses are generat-
ed as the pipe expansion is constrained by the surrounding soil.® For
long sections of straight pipelines, the resulting longitudinal stress is

SL = Ea (T2 - Tl) - VSh

where S; = longitudinal compressive stress, 1b/in?
E = modulus of elasticity of steel, 1b/in?

o = coefficient of thermal expansion, 1/°F
T, = maximum operating temperature, °F
T, = installation temperature, °F
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v = Poisson’s ratio
S, = hoop stress due to fluid pressure, lb/in?

At changes in direction, such as bends and tees, the soil-to-pipe fric-
tion may not be sufficient to prevent expansion of the pipe relative to
the soil. As a result of the pipe movement relative to the soil, the pipe
is subject to bending stresses in addition to the longitudinal stress S;.
In these cases, the current practice would be to account for the ther-
mal bending stresses in one of two ways:

1. By using formulas such as provided in Appendix VII of ASME B31.1.

2. By a pipe-soil spring model to which the temperature rise is
applied. Special-purpose PC-based computer codes have been devel-
oped to perform these calculations.

Seismic Loads

In certain critical zones, large ground movement associated with an
earthquake may be devastating to a pipeline. These critical zones are
primarily those where high differential movement takes place such as
a fault zone, a soil shear plane, or transition zones where the pipe
enters a structure. Also certain soils will tend to liquefy during the
earthquake vibration, and buried pipelines may rise or tend to float.
On the other hand, most buried flexible pipelines can survive an
earthquake. Again, a more flexible piping material with a flexible joint
will allow the pipe to conform to the ground movement without failure.
In practice, the design of buried pipe for seismic loads is limited to crit-
ical applications. In earthquake-prone areas, seismic design is a con-
sideration for piping that must perform an essential function (such as
providing fire protection water) or prevent the release of toxic or flam-
mable contents (such as from a gas leak). A large body of data on the
behavior of buried pipe during earthquakes has been collected in the
last 20 years. The data point to a few critical characteristics that gov-
ern the seismic integrity of buried pipe (O’Rourke, FEMA): In general,

1. Modern (post-1930s) pipelines constructed with full-penetration
shielded arc welds and proper weld examination performed well.

2. Segmented construction (nonwelded segments assembled by
mechanical joints) have experienced damage in large earthquakes.

3. Failures are more often due to soil failures (liquefaction, landslides,
fault movement) than to the transient passage of seismic waves.

4. Seismic damage of storage tanks (sliding, rupture, buckling, or foun-
dation settlement) has caused failures in connected buried pipe.
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5. Buried pipe made of ductile materials [steel, or more recently
polyvinyl chloride (PVC) and high-density polyethylene (HDPE)]
performed well.

Understanding this track record is important when developing design
criteria, to emphasize the positive characteristics and avoid those that
resulted in failures.

An earthquake may affect the integrity of a buried pipe in two pos-
sible ways: through wave passage (transient ground deformation) and
through permanent ground deformation.

Wave passage

The passage of seismic waves in the soil generates compressive, ten-
sile, and bending strains in a buried pipe. Extensive research in the
seismic performance of buried pipelines points to the fact that wave
passage alone does not seem to fail arc-welded steel pipe or polyethyl-
ene pipe.” Older buried piping assembled with oxyacetylene welds or
with mechanical joints is more susceptible to transient seismic ground
movements due to wave passage. Techniques do exist to analyze the
effects of seismic wave passage on a buried pipe (ASCE). This analysis
can be carried out with several levels of complexity.

In the simplest of cases, the pipe strain is set equal to the soil strain
and compared to a strain limit. The value of the strain limit is not
standardized. Compressive strain limits to avoid wrinkling of the pipe
wall on the order of 0.4#/D or 2.42(¢/D)'¢ have been proposed.?’ In the
1970s Hall and Newmark'? had proposed strain limits of 1 to 2 per-
cent. Tensile strain limits on the order of 3 to 6 percent have been used
for modern steel pipeline construction.

In a more detailed analysis, the soil is modeled as three-directional
springs around the pipe. The soil strain is applied to the model, and
the axial and bending stresses are computed and compared to an
allowable. In this case, two difficulties remain to be solved: the choice
of a stress equation (and stress intensification factor) and the allow-
able stress. Unintensified stress limits of S, (ISO/DIS 13623) and
intensified elastically calculated stress limits of 2S, have been pro-
posed by Bandyopadhyay.® As a shortcut for applying the soil strain to
the model, the seismic problem may be approached as a thermal
expansion problem: The soil strain is converted to an equivalent tem-
perature rise, which is applied to the pipe.'®

A more detailed analysis would include finite element models of the
pipe and the soil and would subject the model to time-history input
motions. The waves would be applied at several angles of incidence rel-
ative to the buried pipe. Strain or plastic stress criteria have been used
in these cases.
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In light of the many uncertainties associated with the initiating
earthquake, the soil response, and the pipe behavior, it is often neces-
sary to perform sensitivity analyses where key parameters are varied
around a best-estimate value to ensure that the design is safe,
accounting for uncertainties.

Permanent ground deformation

Ground deformation from earthquakes includes lateral spread of
sloped surfaces, liquefaction, and differential soil movement at fault
lines. Ideally, the routing of a buried pipe is selected to avoid these
seismic hazards. Where this is not possible, the effects of postulated
ground motions are considered in design.'®

The first step is to establish the seismic hazard, or design basis
earthquake, and predict the corresponding ground movement.

The second step is to establish the performance requirement for the
buried pipe. For example:

1. The pipe may need to remain serviceable and allow, e.g., the pas-
sage of pig inspection tools.

2. The pipe may need to remain operational, with valves opening on
demand to deliver flow or closing to isolate a hazardous material.

3. The pipe may only need to retain its contents, without being opera-
tional following the earthquake.

Based on the performance requirement, an allowable stress or strain
limit is established.

The third step is to analyze the pipe response to the postulated move-
ment, and the resulting tensile, bending, and compressive loads
applied to the buried pipe. This may be done very easily by hand cal-
culations to the extent that the deformations are small. For large defor-
mations, preferably the calculations should be done by finite element
analysis of the soil-pipe interaction. Finally, the computed stresses or
strains are compared to allowable limits established earlier based on
the required performance of the pipe following the earthquake.

The design for seismic loads and deformations associated with buried
piping depends on the accuracy of the predicted ground movement and
soil properties as well as the accuracy of the pipe-soil interaction model.
Parametric variations of the input and model are usually necessary to
bound the problem. Costs are therefore incurred in (1) developing the
range of soil and pipe properties used in analysis and (2) conducting the
parametric analyses, which may be linear for small displacements or non-
linear for large displacements. A cost-benefit decision must therefore be
made regarding the seismic design of buried pipe. To help in the process,
the designer may turn to the lessons learned from actual earthquakes.
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Frost Loading

When freezing atmospheric conditions exist continuously for several
hours, ice layers or lenses form as shallow soil moisture freezes. As
the frost penetrates downward, additional small volumes of water
freeze. This freezing has a drying effect upon the soil since the water
is no longer available to satisfy the soil’s attraction for capillary
water. Thus, groundwater from below the frost layer is attracted by
capillary action to the area of lower potential. This water also freezes
as it reaches the frost, and the process continues until equilibrium is
reached. The freezing of ice below existing ice layers causes pressure
to develop because of the expansion due to growth (volume increase)
of ice.

It has been shown that this expansive pressure can substantially
increase vertical loads on buried pipes. A paper authored by W. Harry
Smith (AWWA Journal, December 1975) indicates almost a doubling of
load during the deepest frost penetration. For this study, the test pipe
setup was essentially nonyielding.

The test pipe was split longitudinally in two halves, and load cells
were placed inside the pipe (see Fig. 2.30) such that the load cell was
between the two halves. The maximum deflection of the load cells
was 0.003 in. The test pipe simulated an extremely rigid pipe. Due
to this rigidity, the load increase was greatly magnified. The previ-
ously discussed spring analogy can be applied here. In this case, the
test pipe is represented by a very stiff spring, and the soil sidefills
by softer springs. It is clear that the stiffer spring will take most of
the load.

The increase in load, due to frost penetration, is less pronounced for
flexible pipes. For example, plastic pipes such as PVC may have a
small increase in deflection without any structural distress.
Normally, designs require pipes to be placed 1 or 2 ft below the frost
line. The design engineer should be aware that frost action may
increase loads on a rigid pipe.

Figure 2.30 Schematic of split
pipe with supporting load cell.
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Loads due to Expansive Soils

Expansive soils were mentioned briefly in the “Longitudinal Loading”
section concerning possible ground movement. Certain soils, primarily
bentonite clays, expand and contract severely as a function of moisture
content. Soil expansion can cause an increase in soil pressure just as
frost can cause an increase in soil pressure. This rise in pressure is
directly due to expansion and is a function of confinement.
Tremendously high pressures can result if such soils are confined
between nonyielding surfaces. However, data are lacking concerning
such forces which may be induced on buried conduits. This lack of data
can probably be attributed to design practices that do not allow such
soils to be placed directly around the pipe. Also, in the case of gravity
sewers, designs usually require such material to be removed for certain
depths below the pipe if moisture content is variable at such depths. The
primary reason for this requirement is to ensure that the grade is main-
tained. The design engineer should be cognizant that expansive soils do
pose certain potential problems. He or she should seek advice from a
component soils (geotechnical) engineer and then take appropriate steps
in the installation design to mitigate adverse effects of expanding soils.

Flotation

Buried pipes and tanks are often placed below the water table. High
soil cover can prevent flotation, but in shallow cover, holddowns,
weights, etc., may be required to prevent flotation. Reinforced concrete
pavement over a pipe helps to resist flotation. Holddowns require
anchors—a concrete slab or deadmen. When the water table is a prob-
lem, soil at the bottom of the excavation is so wet that a concrete slab
is used as a platform on which to work. In some cases, two longitudi-
nal footings (deadmen) may be adequate anchors. Straps are some-
times used to tie the pipe or tank to the anchors.

Soil wedge

If the embedment is granular and compacted, a floating pipe must lift
a soil wedge. See Fig. 2.31. If the buoyant force of the pipe exceeds the
pipe weight and the effective weight of the soil wedge, anchors must
restrain the difference.

Example Problem 2.9 Suppose that a large-diameter steel pipe is buried
under 2 ft of soil cover. Is any anchorage required if the pipe is empty when
the water table rises to or above the ground surface?

Steel pipe: D = 1051in

Pipe weight = 580 1b/ft
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| 1719 ft »
Soil Surface Water Table —I

1

Effective Soil Wt.——n

Shear Plane ———

105”

Soil Wedge

Buoyant Force

Figure 2.31 Sketch of 105-in-diameter buried pipe with water table at the soil surface.
Sketch shows acting vertical forces—the buoyant force, the effective soil resistance, and
the pipe weight. The pipe is empty.

Soil:
vg = 110 Ib/ft® = dry unit weight of soil

e = 0.52 = void ratio
= 69.0 Ib/ft? = Y&~ Y
Yo 1+e
¢ = 23° = soil friction angle from lab tests

0 = 56.5° = soil slip angle = 45° + %

H = 3.0 ft = soil cover
G = % = 2.68 = specific gravity of soil grains

The specific gravity of most soil is in the range of 2.65 to 2.7.
Will the pipe float? To calculate, first find the volume of the soil wedge per
foot of pipe. This is the area of the soil wedge in Fig. 2.31.

Total area A = 2 (A; + Ay + A3 + Ay)

hR
A= +
1= hR tan6
_1l,, _ 1 hh _ 1 &
4, = 2hb27 2 tand 2 tan®

1 R
2 tan6

A3:
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A, = éRZ — As = 0.215R?

_ 1 e 19 (1l 1) _ 2
Ag= 4B - JR R<4w 2) 0.285R
Then
2
Total area A = 2 | AR + 0.215R2 + +~ (T RI
2 tan6

AW =W, - W, - W,

where W, = 3.752 kips/ft = buoyant uplift force per unit length of tank.
This is the weight of water per foot displaced by the pipe. wR?
(vo) = 7 (52.5/12)? (62.4)
W, = 3.631 kips/ft = effective soil wedge (ballast) on top per unit
length at 6 = 45° + ¢/2
= Ay,
= 52.63 (69) = 3631 1b/ft? for this example
W, = 0.580 kip/ft = weight of steel pipe
AW = —0.459 kip/ft = net downward force

Thus, if the 17.19-ft soil wedge forms, as supposed, the pipe will not float.
However, tests show that planes are well established near the tank, but are
not well established at the ground surface. In fact, the “plane” may be more
nearly a spiral cylinder that breaks out on the ground surface at a width
less than the 17.19 ft shown. In design, a factor of safety is required and
should be at least 2.0. That is, the downward forces (soil and pipe) should
be at least 2 times the buoyant uplift force.

Liquefaction

If there is any possibility of soil liquefaction, flotation will be a major
concern and additional considerations are required. Soil can liquefy if
it is saturated and shaken, and if the density is less than about 80 per-
cent modified Proctor density (AASHTO T-180). The shaking can be a
result of seismic activity. If the soil is completely saturated to ground
level and the pipe is empty, there will be little resistance to flotation
and the empty pipe will rise through the liquid soil.

The concept of liquefaction is as follows: Pour loose sand into a quart
jar to the top, then carefully fill to the top with water. Put on the lid
and shake the soil-water mixture. Remove the lid and turn the jar
upside down, and the liquefied soil will run out. Now repeat the
process, but this time carefully compact the sand in layers. The densi-
ty must be greater than 80 percent modified Proctor. Another way of
saying this is that the void ratio must be less than the critical void
ratio. After the jar is completely full with compacted sand, again care-
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Figure 2.32 Pressure distribution on a pipe in a liquefied
soil. Buckling at bottom is possible.

fully fill the jar to the top with water. Replace the lid and shake as
before; remove the lid and turn upside down. The wet sand will stay in
the jar because it has not liquefied.

If the embedment liquefies when a circular pipe is empty, the ring
may be subjected to the hydrostatic pressures shown in Fig. 2.32. If
somehow flotation is prevented, catastrophic collapse may occur from
the bottom according to the classical buckling equation

P

_ _(E N[t .
7l =3 or h—( )( ) for plain pipe

ay )\ r

Example Problem 2.10 What is the height & of the water table above the bot-
tom of a steel pipe in embedment so loose that it can liquefy and cause cat-
astrophic ring collapse?

Pipe: D =105 in
t=05
L =105
t
Soil: v = 125 1b/ft® saturated

h = height of water table above invert
P=nhy

. E\/t\3 30 x 108 3 .
1 1 =—||=)| = —=——— (0. = 89. = 7.46 ft
Solving yields 2 (‘W)(") 4 (125/1728) (0.00952)° = 89.6 in = 7.46 ft
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The pipe is 8.75 ft in diameter, so the water does not even have to be to the
top of the pipe. Thus, if a water table can rise in the embedment, the impor-
tance of densifying the embedment soil, including soil under the haunches, is
evident. If the soil does not liquefy, the soil gives support to the pipe and pre-
vents buckling. Then the buckling equation is

P, =hy=115 VP,E'

where B, = (2E/1 — v?) (t/D)
Pe = hy
E’ = soil modulus
E = pipe modulus of elasticity
v = pipe Poisson’s ratio

Soil bearing

An empty pipe below the water table may rise through the soil by the
means of penetration if the soil’s bearing capacity is too low. This may
be more critical than the soil wedge for resisting flotation.

Example Problem 2.11 In the previous example, suppose that the soil is so
poor that the bearing capacity is only 300 1b/ft2. Soil resistance is W, =
(105/12 tank diameter)(300 1b/ft?) = 2.625 kips/ft, where

W, = 3.752 kips/ft = buoyant uplift force per unit length of tank
W, = 2.625 kips/ft = effective bearing capacity
W, = 0.580 kip/ft = weight of steel pipe
AW =W, - W, - W,
= +0.543 kip/ft and is a net upward force

The pipe will rise through the soil by penetration because of a low bear-
ing capacity. To prevent this, a better soil with higher bearing capacity must
be used, or the pipe must never be allowed to be empty.

Internal vacuum

For a pipe with an internal vacuum, treat the vacuum as a positive
external pressure and add it to any acting external water pressure
before making the buckling analysis. The performance limit for inter-
nal vacuum and/or external soil pressure only is ring inversion.
Embedment usually prevents total collapse. Critical vacuum p is sen-
sitive to the radius of curvature. Ring deflection reduces critical vacu-
um. Because vertical radius of curvature r, is greater than 7 ring
stiffness EI/r,? is less than EI/r® and the vacuum at collapse is less for
a deflected ring than for a circular ring.
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Chapter

Design of Gravity Flow Pipes

Design methods which are used to determine an installation design for
buried gravity flow pipes are described in this chapter. Soil types and
their uses in pipe embedment and backfill are discussed. Design meth-
ods are placed in two general classes—rigid pipe design and pressure
pipe design. Pipe performance limits are given, and recommended
safety factors are reviewed.

The finite element method for design of buried piping systems is rel-
atively new. The use of this powerful tool is increasing with time. A
detailed discussion of this method is included.

Soils

The importance of soil density (compaction) and soil type in contributing
to buried pipe performance has long been recognized by engineers. The
pipe-zone backfill, which is often referred to as the soil envelope around
the pipe, is most important. An introduction and a brief discussion of
embedment soils are presented in Chap. 1. In this chapter, additional
information on soil classification and soil-pipe interaction is provided.

Soil classes

Professor Arthur Casagrande proposed a soil classification system
for roads and airfields in the early 1940s. This system, now called
the Unified Soil Classification System (USCS), has been adopted by
many groups and agencies, including the Army Corps of Engineers
and the Bureau of Reclamation. The American Society for Testing
and Materials (ASTM) version of the USCS is entitled “Classifica-
tion of Soils for Engineering Purposes” and carries the designation
D 2487.
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The USCS is based on the textural characteristics for those soils
with a small amount of fines such that the fines have little or no influ-
ence on behavior. For those soils where fines affect the behavior, clas-
sification is based on plasticity-compressibility characteristics. The
plasticity-compressibility characteristics are evaluated by plotting the
plasticity chart. The position of the plotted points yields classification
information. The following properties form the basis of soil classifica-
tion and identification:

1. Percentages of gravel, sand, and fines [fraction passing 0.75-mm
(no. 200) sieve]

2. Shape of grain-size distribution curve (see Fig. 3.1)

3. Plasticity and compressibility characteristics (see Fig. 3.2)

A soil is given a descriptive name and letter symbol to indicate its prin-
cipal characteristics. (See ASTM D 2487 or any text on soil mechanics.)

Embedment materials listed here include the soil types defined
according to the USCS and a number of processed materials. ASTM D
2321, “Underground Installation of Flexible Thermoplastic Sewer
Pipe,” breaks down embedment materials into five classes. These
classes along with the USCS letter designation and description are
given in Table 3.1.

Class I comprise angular, ,- to 1%,-in (6- to 40-mm) graded stone,
including a number of fill materials that have regional significance
such as coral, slag, cinders, crushed shells, and crushed stone. Note:
The size range and resulting high voids ratio of class I material make
it suitable for use to dewater trenches during pipe installation. This
permeable characteristic dictates that its use be limited to locations
where pipe support will not be lost by migration of fine-grained natur-
al material from the trench walls and bottom, or migration of other
embedment materials into the class I material. When such migration
is possible, the material’s minimum size range should be reduced to
finer than '/, in (6 mm) and the gradation properly designed to limit
the size of the voids.

Class II comprises coarse sands and gravels with maximum particle
size of 1%, in (40 mm), including variously graded sands and gravels
containing small percentages of fines, generally granular and nonco-
hesive, either wet or dry. Soil types GW, GP, SW, and SP are included
in this class.

Sands and gravels that are clean or borderline between clean and
with fines should be included. Coarse-grained soils with less than 12
percent but more than 5 percent fines are neglected in ASTM D 2487
and the USCS and should be included. The gradation of class II mate-
rial influences its density and pipe-support strength when loosely
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Sieve analysis
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Figure 3.1 Grain-size distribution curve for a particular soil. (Reprinted, by permission,
from ASTM D 2487, Fig. 4.)
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Figure 3.2 Plasticity chart. (Reprinted, by permission, from Asphalt
Institute Soils Manual.l)
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TABLE 3.1 Description of Embedment Material Classifications

Soil class

Soil type

Description of material classification

Class I soils*

Manufactured angular, granular material, v/ , to 11/2 in
(6 to 40 mm) in size, including materials having region-
al significance such as crushed stone or rock, broken
coral, crushed slag, cinders, or crushed shells.

Class II soilst

GW

GP

SW

SP

Well-graded gravels and gravel-sand mixtures, little or
no fines. 50 percent or more retained on no. 4 sieve.
More than 95 percent retained on no. 200 sieve. Clean.

Poorly graded gravels and gravel-sand mixtures, little or

no fines. 50 percent or more retained on no. 4 sieve.
More than 95 percent retained on no. 200 sieve. Clean.

Well-graded sands and gravelly sands, little or no fines.
More than 50 percent passes no. 4 sieve. More than 95%
retained on no. 200 sieve. Clean.

Poorly graded sands and gravelly sands, little or no
fines. More than 50% passes no. 4 sieve. More than
95% retained on no. 200 sieve. Clean.

Class III soilst

GC

SM

SC

Silty gravels, gravel-sand-silt mixtures. 50% or more
retained on no. 4 sieve. More than 50% retained on no.
200 sieve.

Clayey gravels, gravel-sand-clay mixtures. 50% or more
retained on no. 4 sieve. More than 50% retained on no.
200 sieve.

Silty sands, sand-silt mixtures. More than 50% passes
no. 4 sieve. More than 50% retained on no. 200 sieve.
Clayey sands, sand-clay mixtures. More than 50% pass-

es no. 4 sieve. More than 50% retained on no. 200 sieve.

Class IV soils

ML

CL

MH

CH

Inorganic silts, very fine sands, rock flour, silty or clayey
fine sands. Liquid limit 50% or less. 50% or more
passes no. 200 sieve.

Inorganic clays of low to medium plasticity, gravelly
clays, sandy clays, silty clays, lean clays. Liquid limit
50% or less. 50% or more passes no. 200 sieve.

Inorganic silts, micaceous or diatomaceous fine sands or
silts, elastic silts. Liquid limit greater than 50%. 50%
or more passes no. 200 sieve.

Inorganic clays of high plasticity, fat clays. Liquid limit
greater than 50%. 50% or more passes no. 200 sieve.

Class V soils

OL

OH

PT

Organic silts and organic silty clays of low plasticity.
Liquid limit 50% or less. 50% or more passes no. 200
sieve.

Organic clays of medium to high plasticity. Liquid limit
greater than 50%. 50% or more passes no. 200 sieve.

Peat, muck, and other highly organic soils.

*Soils defined as class I materials are not defined in ASTM D 2487.

TIn accordance with ASTM D 2487, less than 5 percent pass no. 200 sieve.

#In accordance with ASTM D 2487, more than 12 percent pass no. 200 sieve. Soils with 5 to
12 percent pass no. 200 sieve fall in borderline classification, e.g., GP-GC.

SOURCE: Reprinted by permission. Copyright ASTM.
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placed. The gradation of class II material may be critical to the pipe
support and stability of the foundation and embedment if the materi-
al is imported and is not native to the trench excavation. A gradation
other than well-graded, such as uniformly graded or gap-graded, may
permit loss of support by migration into void spaces of a finer-grained
natural material from the trench wall and bottom.

Class III comprises fine sand and clayey (clay-filled) gravels, includ-
ing fine sands, sand-clay mixtures, and gravel-clay mixtures. Soil
types GM, GC, SM, and SC are included in this class.

Class IV comprises silt, silty clays, and clays, including inorganic
clays and silts of low to high plasticity and liquid limits. Soil types
MH, ML, CH, and CL are included in this class. Note: Caution should
be used in the design and selection of the degree and method for com-
paction for class IV soils because of the difficulty in properly control-
ling the moisture content under field conditions. Some class IV soils
with medium to high plasticity and liquid limits greater than 50 per-
cent (CH, MH, CH-MH) exhibit reduced strength when wet and should
only be used for bedding, haunching, and initial backfill in arid loca-
tions where the pipe embedment will not be saturated by groundwa-
ter, rainfall, and/or exfiltration from the pipeline system. Class IV soils
with low to medium plasticity and with liquid limits lower than 50 per-
cent (CL, ML, CL-ML) also require careful consideration in design and
installation to control moisture content, but need not be restricted in
use to arid locations.

Class V includes the organic soils OL, OH, and PT as well as soils
containing frozen earth, debris, rocks larger than 1/, in (40 mm) in
diameter, and other foreign materials. These materials are not recom-
mended for bedding, haunching, or initial backfill.

Soil-pipe interaction

Design of a buried conduit has a basic objective of adequate overall
performance at minimum cost. Overall performance includes not only
structural performance, but also service life. Minimum cost analysis
should consider all costs including lifetime maintenance.

Initial cost is often broken down into piping material cost and instal-
lation cost. Various pipe products have differing strengths and stiff-
ness characteristics and may require differing embedment materials
and placement techniques depending on the in situ soil and depth of
burial. Products which allow for minimum initial or installation costs
may not be the lowest-cost alternative when consideration is given to
total lifetime cost. Soil-structure interaction influences pipe perfor-
mance and is a function of both the pipe properties and embedment
soil properties, and therefore impacts total system costs. The design
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engineer should consider soil-structure interaction in the installation
design and lifetime cost estimates.

The soil-pipe system is highly statically indeterminate. This means
that the interface pressure between the soil and pipe cannot be calcu-
lated by statics alone—the stiffness properties of both soil and pipe
must also be considered. The ratio of pipe stiffness to soil stiffness
(PS/E’) determines to a large degree the load imposed on the conduit.
For example, a “rigid pipe” will have a much greater load than a “flex-
ible pipe” installed under the same or similar conditions.

Soil to be placed in the pipe zone should be capable of maintaining
the specified soil density. Also, to eliminate pressure concentrations,
the soil should be uniformly placed and compacted around the pipe.

Various placement methods can be used depending upon system
parameters such as soil type, required density, burial depth, pipe stiff-
ness, and pipe strength. The following are suggested as methods which
will achieve desirable densities with the least effort (see Table 3.2).

Certain manufactured materials may be placed by loose dumping
with a minimum of compactive effort. These materials must be angu-
lar and granular such as broken coral, crushed stone or rock, crushed
shells, crushed slag, or cinders and have a maximum size of 1%, in (40
mm). Care should be taken to ensure proper placement of these mate-
rials under pipe haunches.

With coarse-grained soils containing less than 5 percent fines such
as GW, GP, SW, SP, GW-GP, and SW-SP, the maximum density will be
obtained by compacting by saturation or vibration. If internal vibra-
tors are used, the height of successive lifts or backfill should be limit-
ed to the penetrating depth of the vibrator. If surface vibrators are
used, the backfill should be placed in lifts of 6 to 12 in (150 to 300 mm).
This material may also be compacted by hand tamping or other means,
provided that the desired relative density is obtained.

Coarse-grained soils which are borderline between clean and those
with fines containing between 5 and 12 percent fines, such as GW-GM,
SW-SM, GW-GC, SW-SC, GP-GM, SP-SM, GP-GC, and SP-SC, should
be compacted either by hand or by mechanical tamping, saturation or
vibration, or whichever method meets the required density.

Coarse-grained soils containing more than 12 percent fines, such as
GM, GC, SM, SC, and any borderline cases in the group (that is, GM-

TABLE 3.2 Bedding Factors

Bedding class Load factor
2.8-3.4

gQw»
[
©
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SM), should be compacted by hand or by mechanical tamping. The
backfill should be placed in lifts of 4 to 6 in (100 to 150 mm). Fine-
grained soils such as MH, CH, ML, CL, SC-CL, SM-ML, and ML-CL
should be compacted by hand or by mechanical tamping in lifts of 4 to
6 in (100 to 150 mm).

Embedment

Soil is a major component of the soil-pipe interaction system and is
actually part of the structure that supports the load. The following are
some basic rules of thumb that may be of use in the evaluation of
buried pipe structures.

1. A common installation is a narrow trench with only enough side
clearance to align the pipe and to permit placement of embedment. A
trench should never be so narrow that it is difficult to place and com-
pact soil in the haunch zone of the pipe.

2. The arching action of the soil helps to support the load. The soil
acts like a masonry arch. No cement is needed because the soil is con-
fined in compression. Soil protects the pipe. The sidefill is the soil arch.
It must be compacted up and over the pipe in order to create a soil
arch. Bedding provides abutments for the soil arch so the bedding
must be compacted.

3. If mechanical compactors are used, the soil arch should be com-
pacted in lifts of less than 1 ft on alternate sides of the pipe, so that the
compaction surfaces are at the same elevation. Soil should not be com-
pacted directly on top of the pipe. Compaction right over the pipe cre-
ates a load concentration and can produce a worst-case Marston load.

4. Very good buried pipe installations are those which disturb the
native soil the least. A bored tunnel of exact pipe OD, into which the pipe
is inserted, would cause the least disturbance. Microtunneling, with a
bore slightly greater than the inserted pipe, is used successfully.

5. In saturated soil, most pipes tend to float rather than sink.

6. All voids in the backfill should be eliminated. Voids can cause
pressure concentrations against the pipe and may become channels for
groundwater flow along the pipe (under the haunches). Full contact of
embedment against the pipe should be achieved.

7. Soil density is the most important soil property to ensure that the
soil will provide the structural support for the pipe. Its importance
cannot be overemphasized—in actual tests, the ring deflection of flex-
ible pipes 3 ft in diameter, in an embedment of loose silty sand, was
reduced to approximately one-half by merely stomping soil under the
haunches. For many soils the required density can only be achieved by
mechanical compaction. For select embedment such as pea gravel,
compaction can be achieved by merely moving the gravel into place in
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contact with the pipe. Crushed angular stone provides ideal support
but often requires vibration or compaction to move the stone under the
haunches and in contact with the pipe.

Below the water table, soil density is extremely important. At void
ratios greater than the critical void ratio, the addition of water will
cause relative shifting of soil particles and tends to “shake down” the
soil grains into a smaller volume. When a loose soil is saturated, the
volume decrease and the voids left are occupied by only the noncom-
pressible water that cannot support stresses. The soil mass becomes
liquefied, and the pipe may collapse. If the soil has initially been
placed at a density greater than the critical density (void ratio less
than critical), under disturbance (vibration) the soil volume tries to
increase but is confined, and cannot increase. For many soils, the crit-
ical density is fairly high and is in the range of 88 to 92 percent stan-
dard Proctor density.

Compacting techniques

Select embedment. Carefully graded select soils, such as pea gravel
and crushed stone, fall into place at densities greater than critical den-
sity. The only requirement is to actually move the soil in against the
pipe especially under the haunches, to provide intimate contact
between embedment and pipe.

Mechanical compaction. Mechanical compaction of the soil in lifts (lay-
ers) is an effective method for densifying soils. Mechanical compactors
densify the soil by rolling, kneading, pressing, impacting, vibrating, or
any combination. Instructions are available on mechanical compactors
and on procedures such as optimum heights of soil lifts and moisture
content. Efficiencies of various compactors in various soils have been
studied. In most cases, density tests are required to ascertain that the
specified density is being achieved. Heavy equipment (compactors,
loaders, scrapers, etc.) must not operate close to the structure—espe-
cially flexible structures, since misalignment, deflection, and high
induced stress may occur.

Vibration. Loose soil can be compacted by vibrating it with vibroplates
and vibrating rollers on each soil lift. Some compaction of the embed-
ment can be achieved by vibrating the pipe itself. Concrete vibrators
are effective in the placement of embedment around pipes if enough
water is mixed with the soil to form a viscous, concretelike mix. The
contractor may saturate a lift of sidefill and then settle it with concrete
vibrators. This technique places, but does not compact, the soil.
Saturated soil is noncompressible, therefore, noncompactible. If such a
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method is used, the soil must be free-draining. Also no load (soil on top
of pipe) should be placed until, after vibration, the soil has drained and
has developed its strength. If the soil is not free-draining, particles
flow into place, but settle only under buoyant weight. The result is the
same as ponding. The soil gradation must be controlled just as con-
crete aggregate is controlled. Flotation must be avoided.

Flooding (ponding). A lift of free-draining soil is placed up to the
spring line of the pipe, then the soil is irrigated. A second lift to the top
of the structure is often specified. Enough water must be applied that
the lift of soil is saturated. The soil should be free-draining and must
be dewatered to settle the soil. The compaction mechanism is down-
ward seepage stress which compacts the soil. Soil is washed into voids
and under the haunches of the pipe. The pipe must not float out of
alignment. This is the least effective method (yet often adequate) for
compaction.

Jetting. Soil density greater than critical can be achieved by jetting.
This technique is particularly attractive for soil compaction around
large buried structures. Soil is placed in high lifts, such as 3 to 5 ft, or
to the spring line (midheight) of large-diameter pipes. A stinger pipe
(1-in diameter and 5 or 6 ft long, attached to a water hose) is injected
vertically down to near the bottom of the soil lift. A high-pressure
water jet moves the soil into place at a density greater than critical if
the soil is free-draining and immediately dewatered. Jet injections are
made on a grid every few feet. Five-foot grids have been used success-
fully for 5- or 6-ft lifts of cohesionless soil. Gangjets can be mounted on
a tractor. They can be injected into a lift of sidefill up to the spring line.
To fill the holes left when jets are withdrawn, the stingers are vibrat-
ed. A second lift up to the top is jetted in a similar manner. The tech-
nique works well in sand. As with vibration, no load (soil on top of pipe)
should be placed until, after the jetting of the soil around the pipe, the
soil has drained and has developed its strength. Pipe overdeflection
and pipe failures have been reported when soil, several feet in depth,
was placed on the pipe before jetting took place. In such a case, jetting
causes the soil to collapse and liquefy around the pipe, giving no sup-
port to the pipe and no arching to help support the soil on the pipe. In
any compaction technique, it is absolutely essential that the required
pipe zone density be achieved before overburden is placed on the pipe.

Flushing. Soil densities greater than critical can be achieved if a high-
pressure water jet is used to flush soil into place against the pipe. A
high-pressure water jet plays the stream onto the inside slope of the
windrow of soil on the trench bank until a soil slide develops. This soil
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slide can be directed by the jet into place against the pipe with enough
energy to fill in the voids. Windrows are added on both sides simulta-
neously in order to keep the soil in balance. Of course, the water must
drain out rapidly for best compaction.

Slurry and flowable fill. Under some circumstances, the best way to
ensure support under the haunches is by flowable fill (soil cement or
slurry). The pipe is aligned on mounds. Flowable fill is poured into the
haunch area on one side of the pipe. If flowable fill is required to a
depth greater than the flotation depth, it can be poured in lifts. Full
contact is ensured when the flowable fill rises on the other side of the
pipe. Flowable fill should not shrink excessively. Some agencies speci-
fy compressive strength of 200 1b/in?. Less strength (40 1b/in%) may be
desirable to reduce stress concentration and to facilitate subsequent
excavations. Recommended slump is about 10 in.

High-velocity impact. Soil compaction can be achieved by dropping
from a sufficient height, blowing, slinging, etc. Better control is
achieved if the embedment is “shot-creted” into place or if dry soil is
blown or slung into place.

Trench Width

Trenches are kept narrow for rigid pipes. The Marston load on a pipe is
the weight of backfill in the trench reduced by frictional resistance of
the trench walls. The narrower the trench, the lighter is the load on the
pipe. The pipe has to be strong enough to support the load. The trench
only needs to be wide enough to align the pipe and to place embedment
between the pipe and trench wall. If ring deflection is excessive, or if
the pipe has less than minimum soil cover when surface loads pass
over, the soil at the sides can slip. Ring inversion is incipient. If there
is any possibility of soil liquefaction, the embedment should be denser
than critical density. Ninety percent standard density (AASHTO T-99
or ASTM D 698) is often specified. In loose saturated soil, liquefaction
can be caused by earth tremors. Soil compaction may or may not be
required depending upon the quality of the embedment. For example,
gravel falls into place at densities greater than 90 percent. Loss of
embedment by washout of soil particles by groundwater flow (piping)
should be prevented. Spangler observed that a flexible ring depends
upon support from sidefill soil. His observation led to the inference that
if the trench is excavated in poor soil, the trench walls cannot provide
adequate horizontal support. The remedy appeared to be wider trench-
es, especially in poor native soil. Both principles of stability and expe-
rience show a wide trench is seldom justified.
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At Soil Slip:

p _
% B o= KO‘y

_ 1+sing
1-sing
@ = Soil Friction Angle

Figure 3.3 Infinitesimal soil cube B. Conditions for soil slip are B, = Ko,.

For small deflection (5 percent or less), theoretically, the embedment
needs little horizontal strength. Good sidefill soils add a margin of
safety. See Fig. 3.3, where the infinitesimal soil cube is in equilibrium
as long as the pipe pressure does not exceed sidefill soil strength o..
For stability, P < o, = Kao,.

As long as the pipe is nearly circular, in poor native soils, the pipe
depends little on the side support from the trench wall and the trench
does not need to be wider than half a diameter on each side for both
rigid and flexible pipes. If ring deflection of a flexible pipe is no more
than 5 percent, the effect of ring deflection can be neglected. On a rigid
pipe, E; is the Marston load.2?* On a flexible pipe, F, is more nearly the
prism load yH.*-4?

The height of soil cover H is not a pertinent variable in the analysis of
trench width. As soil load is increased, the pressure on the pipe increas-
es; but the strength of the sidefill soil increases in direct proportion.

Rules of thumb for required trench width for flexible pipes

1. Trench must be wide enough for proper soil placement.

2. In poor soil, specify a minimum width of sidefill of one-half a diam-
eter D/2 from the pipe to the walls of the trench, or from the pipe to
the windrow slopes of the embedment in an embankment.

3. In good soil, the width of sidefill can be less, provided that the
embedment is placed at adequate density.

Some concerns for embedments

Wheel loads over a pipe with less than minimum soil cover
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Water table above the pipe and/or vacuum in the pipe
Migration of soil particles out of the embedment
Voids left by a trench shield or sheet piling

Heavy equipment near pipe

Wheel loads

(See the section “Minimum Soil Cover” in Chap. 2.) Sidefill soil
strength must support the pipe under a live load. However, minimum
cover of compacted granular soil is about H = 1 ft for HS-20 dual-
wheel, and H = 3 ft for the single wheel of a scraper. Manufacturers of
large steel pipes with mortar linings recommend that a margin of safe-
ty of 1.5 ft be added to the minimum cover. Recommended minimum
cover is 2.5 ft for HS-20 loads and 4.5 ft for scraper wheel loads. With
soil cover greater than minimum, wheel load pressure is less than P =
W/(2H?). Trench width could be critical if the sidefill embedment were
so poor that it could not support wheel loads anyway.

Water table

(See the section “Flotation” in Chap. 2.) When the water table is above the
pipe, sidefill soil strength is effective (buoyant) strength o, = Ko,. The
effective vertical soil stress is (o)) = 0, — u, where u is the pore water
pressure; that is, u = v,h, where v, is the unit weight of water and A is
the height of the water table (head) above the spring line of the pipe. If
the pipe tends to float, for analysis, P is the hydrostatic buoyant pressure
on the bottom of the pipe, P = v, (h + r), rather than soil pressure on top.

Soil particle migration

ASTM D 2321 has some rules to follow concerning soil particle size and
possible soil particle migration. In general, open-grained coarser mate-
rial should not be used for foundation and bedding if finer materials are
used in haunching and initial backfill. In such a case, the finer mater-
ial can migrate down in the coarser material, and pipe support can be
lost. Also, groundwater flow may wash trench wall fines into the voids
in coarser embedments.

Wheel loads and earth tremors may shove or shake coarser particles
from the embedment into the finer soil of the trench wall. If fines
migrate from the trench wall into the embedment, the trench wall may
settle, but the pipe is unaffected. If embedment particles migrate into
the trench wall, the shift in sidefill support may allow slight ring
deflection. This could occur only if the trench wall soil is loose enough,
or plastic enough, that the embedment particles can migrate into it.
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Soil particle migration is unusual, but must be considered. Remedies
include: (1) embedment with enough fines to filter out migrating par-
ticles in groundwater flow and (2) trench liners. Geotextile liners may
be required under some circumstances.

Voids in the embedment

Soil should be in contact with the pipe in order to avoid piping (chan-
nels of groundwater flow) under the haunches. Voids are avoided if the
embedment is flowable fill—a good idea when trench widths are too
narrow for placement of soil under the haunches. Trench boxes and
sheet piling should be designed so that the tips of the piles or shield
are above the spring lines of the pipe. If they are designed and used
properly, voids left by the withdrawal of sheet piling or trench shield
will not affect the performance of the pipe.

Heavy equipment

If the buried structure has a low inherent strength or is so flexible that
heavy compactors can deform it, then only light compactors can be used
close to it. Heavy compactors must remain outside of planes tangent to
the structure and inclined at an angle less than 45° + ¢/2 from horizon-
tal. Soil cover H greater than minimum is required above the structure.
The heavy equipment zone is often specified and is usually 2 ft or D/2,
whichever is greater. Operators should be reminded that a large struc-
ture gives a false illusion of strength. It achieves its strength and stabil-
ity only after the embedment has been placed about it. Because the
structure cannot resist high sidefill pressures during soil placement,
operators should think, “If it were not there, how far back from the edge
of the sidefill would I keep this equipment in order not to cause a soil
slope failure?” The answer is found from experience and from the tan-
gent plane concept. A margin of safety is usually applied to the 45° + ¢/2
plane by specifying a 45° tangent plane. The minimum cover H,;, for var-
ious types and weights of equipment can be determined by the methods
suggested in Chap. 2. As a rule of thumb, the minimum soil cover should
not be less than 3 ft for H-20 truck loads, D8 tractors, etc. For scrapers
and super-compactors, 5 ft of soil may be a more comfortable minimum.

Rigid Pipe Analysis

Three-edge bearing strength

Rigid nonpressure pipes are of four general types and are covered by
four ASTM specifications. Asbestos-cement pipe is governed by ASTM
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Figure 3.4 Three-edge bearing (wood block) schematic.

C 428. Vitrified clay pipe is specified in two strength classes by ASTM
C 700. Nonreinforced concrete pipe is covered by ASTM C 14.
Reinforced concrete nonpressure pipe is specified by its so-called D
load strength as given in ASTM C 76. The D load is the three-edge
bearing strength divided by diameter. Designs of the various types of
rigid pipe for nonpressure applications to resist external loads require
knowledge of available pipe strengths as well as the construction or
installation conditions to be encountered.

Rigid pipe is tested for strength in the laboratory by the three-edge
bearing test (see Fig. 3.4 for diagram of test). Methods for testing are
described in detail in the respective ASTM specifications for the specific
pipe product. The three-edge bearing strength is the load per length
(usually pounds per foot) required to cause crushing or critical cracking
of the pipe test specimen. This strength is the load at failure in a testing
machine. It is not necessarily the load that will cause failure in the soil.

Bedding factors and classifications

In Chap. 2 we learned that for rigid pipe, the soil load can be calculat-
ed by Marston’s equation W, = C,yB.% Experience has shown that the
Marston load, to cause failure, is usually greater than the three-edge
bearing strength and depends on how the pipe was bedded (Fig. 3.4).
The Marston load that causes failure is called the field strength. The
ratio of field strength to three-edge bearing strength is termed the bed-
ding factor since it is dependent upon how the pipe was bedded
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(installed). The term bedding factor as used by Marston is sometimes
called the load factor. The two terms refer to the same parameter and
may be used interchangeably.

field strength
three-edge bearing strength

Bedding factor = 3.1

Major pipe manufacturing associations recommend bedding factors
that correspond to those listed in the Water Pollution Control
Federation Manual of Practice, No. FD-5, Gravity Sanitary Sewer
Design and Construction.

These bedding types (classes) are shown in Fig. 3.5, and corre-
sponding bedding factors (load factors) are given in Table 3.2.

Installation design

Equation (3.1) may be solved for the three-edge bearing strength as
follows:

field strength

bedding factor 3.2)

Three-edge bearing strength =

The field strength is the Marston load that will cause failure in the
field. Most designers and specifications require a factor of safety in the
design. Thus the required strength is as follows:

Required three-edge bearing strength =

design load X factor of safety
bedding factor

(3.3)

A design procedure to select the appropriate pipe classification or
strength is outlined as follows:

. Determine the earth load.

. Determine the live load.

. Select the bedding requirement.

. Determine the load factor.

. Apply the safety factor.

S Ut o~ W N

. Select the appropriate pipe strength.

The following example will illustrate the use of the six design steps
and basic rigid pipe principles in selecting the appropriate pipe. It is
not within the scope of this text to discuss pipe material design [i.e.,
how much material (reinforcing steel, asbestos fiber, cement, and so
forth) is required to meet a specific crush strength is not included].
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Class A Concrete arch
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Class D

Figure 3.5 Class of bedding for rigid sewer pipes. [Note: In rock trenches, excavate at
least 6 in below bell. In unstable material, such as peat or expansive material, remove
unstable material and replace with a select fill material (consult competent soils engi-
neer).] (Reprinted with permission of Water Pollution Control Federation.)

Since ASTM specifies minimum crush strengths, these will be used as
a beginning point for design in the discussion here.

Example Problem 3.1 A 15-in-diameter sanitary sewer line is to be installed
14 ft deep in native material, which is sand. If the trench width is 3.0 ft,
what pipe and bedding classes should be selected?

1. Determine the earth load.
H

B—d = 14/3 = 4.67



Design of Gravity Flow Pipes 81

Kp = 0.165 sand

From Fig. 2.2, C; = 2.4, so
W, = CyyB,? = 2.4 (120) (3.0)? = 2592 1b/ft

2. Determine the live load (assume H-20 highway loading). From Fig.
2.21, note that the live load is negligible for 14 ft of cover.

3. Select bedding. Economic and practical engineering judgment is
required. Compare classes D, C, and B (Fig. 3.4).

4. Determine the load factor. From Table 3.2

Class D BF =11
Class C BF =15
Class B BF =19

5. Apply the safety factor.

Recommendations:
Concrete (ACPA) SF = 1.25-1.5
Reinforced concrete (ACPA) SF = 1.0 based on 0.01-in crack
Clay (CPI) SF = 1.0-1.5
Asbestos cement (ACPPA) SF = 1.0-1.5

6. Select pipe strength.

SF
W3-edge =W, x BF
SF
L4 =W, X == XD
D load c BF
SF
Wi, = 2592 ——
3-edge BF
SF
W =2074 ——
D load BF
Minimum Required Strength for SF = 1.5
Bedding class Three-edge, 1b/ft D load, (Ib/ft)/ft
B 2046 1637
C 2592 2074
D 3535 2828

Choice may be based on job details including economic consideration of pipe
versus bedding cost. Choose a strength class that equals or exceeds
strengths given in the table above.

Example Problem 3.2 Suppose the trench width of 3.0 ft cannot be main-
tained at the top of the pipe in Example Problem 3.1. What are the required
strengths if the transition trench width is reached?
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1. Determine transition width.

H 14 _
B~ a5 - 1120

rsqp = 0.5

From Fig. 2.6, By/B. = 2.9 and

B (transition) = —24 = 2.9 (i—5> ~ 36

2. Determine the earth load.

H _ 14 _
B; 36 3.9
Kp = 0.192 granular

From Fig. 2.2, C; = 2.0 and

W, = CyyBs2 = 2.0 (120) (3.6)% = 3110 Ib/ft

Alternately,
H 14
B. 125 11.20
I'saP = 0.5
From Table 2.2,
c.— Y5H _ 07 -1673~167

B,
W, = C.yBZ = 16.7 (120) (1125)? = 3131 Ib/ft

At the transition width W, = W,

SF

Ws. =3131 —

3-edge LF

SF

W, = 2505 —

D load LF

Minimum Required Strength for SF = 1.5

Bedding class Three-edge, 1b/ft D load, (Ib/ft)/ft

B 2472 1977

C 3131 2505

D 4270 3416
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Flexible Pipe Analysis

Installation design

Three parameters are most essential in the design or the analysis of
any flexible conduit installation:

1. Load (depth of burial)
2. Soil stiffness in pipe zone

3. Pipe stiffness

The design load on the pipe is easily calculated using the prism load
theory, as discussed in Chap. 2. This load is simply the product of the soil
unit weight and the height of cover. Research has shown that the long-
term load on a flexible pipe approaches the prism load. Thus, if this load
is used in design, the deflection lag factor should be taken as unity.

The soil stiffness is usually expressed in terms of E’ (effective soil
modulus, 1b/in?). Effective soil modulus E’ is dimensionally the load
per square inch. The soil modulus E’ is a function of soil properties
such as soil density, soil type, and moisture content. Experience has
shown that soil density is the most important parameter influencing
soil stiffness.

For flexible pipes, pipe stiffness rather than crush strength is usu-
ally the controlling pipe material property. Pipe stiffness may be
expressed in terms of various parameters as follows:

Pipe stiffness terminology

Stiffness factor = EI

Ring stiffness = % (or sometimes %
Pipe stiffness = £ 6.7 E_3]
Ay r

where E = modulus of elasticity, lb/in?
I = moment of inertia of wall cross section per unit length of
pipe, in*in = in?
r = mean radius of pipe, in
D = mean diameter of pipe, in
F = force, 1b/in
Ay = vertical deflection, in

The most commonly used terminology is pipe stiffness (F/Ay). For a giv-
en pipe product, this term is readily determined in the laboratory by a
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parallel-plate loading test. In this test, a pipe sample is placed
between two horizontal parallel plates in a testing machine. A com-
pressive load is applied and increased until the vertical deflection Ay
reaches 5 percent of the diameter. And F/Ay is the load at 5 percent
divided by the sample length and divided by the vertical deflection Ay.
Typical units for F/Ay are pounds per square inch. This is evident from
the third equation, as it is clear that F/Ay has the same units as the
modulus of elasticity E.

In summary, the three most important parameters for flexible pipe
analysis and design are (1) load, (2) soil stiffness, and (3) pipe stiffness.
Any design method that does not include a consideration of these three
parameters is incomplete.

For a flexible pipe, vertical deflection is the variable that must be
controlled by proper installation design. This deflection is a function of
the three parameters discussed above.

Spangler’s lowa formula

M. G. Spangler, a student of Anson Marston, observed that the
Marston theory for calculating loads on buried pipe was not adequate
for flexible pipe design. Spangler noted that flexible pipes provide lit-
tle inherent stiffness in comparison to rigid pipes, yet they perform
remarkably well when buried in soil. This significant ability of a flex-
ible pipe to support vertical soil loads is derived from (1) the redistri-
bution of loads around the pipe and (2) the passive pressures induced
as the sides of the pipe move outward against the surrounding earth.
These considerations, coupled with the idea that the ring deflection
may form a basis for flexible pipe design, prompted Spangler to study
flexible pipe behavior to determine an adequate design procedure. His
research and testing led to the derivation of the Iowa formula, which
he published in 1941.42

Spangler incorporated the effects of the surrounding soil on the
pipe’s deflection. This was accomplished by assuming that Marston’s
theory of loads applied and that this load would be uniformly distrib-
uted at the plane at the top of the pipe. He also assumed a uniform
pressure over part of the bottom, depending upon the bedding angle.
On the sides, he assumed the horizontal pressure A on each side would
be proportional to the deflection of the pipe into the soil. The constant
of proportionality was defined as shown in Fig. 3.6 and was called the
modulus of passive resistance of the soil. The modulus would presum-
ably be a constant for a given soil and could be measured in a simple
lab test. He derived the Iowa formula through analysis as follows:

_ __ DKW
" EI + 0.061er* 3.4
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M. G. Spangler

where D; = deflection lag factor

K = bedding constant

W, = Marston’s load per unit length of pipe, 1b/in
r = mean radius of pipe, in
E = modulus of elasticity of pipe material, 1b/in?
I = moment of inertia of pipe wall per unit length, in*in = in?
e = modulus of passive resistance of sidefill, Ib/(in2) (in)

AX = horizontal deflection or change in diameter, in

Equation (3.4) can be used to predict deflections of buried pipe if the
three empirical constants K, D;, and e are known. The bedding con-
stant K accommodates the response of the buried flexible pipe to the
opposite and equal reaction to the load force derived from the bedding
under the pipe. The bedding constant varies with the width and angle
of the bedding achieved in the installation. The bedding angle is shown
in Fig. 3.7. Table 3.3 contains a list of bedding factors K dependent
upon the bedding angle. These were determined theoretically by
Spangler and published in 1941. As a general rule, a value of K = 0.1
is assumed.
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Total load = W
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Figure 3.6 Basis of Spangler’s derivation of the Iowa formula for deflection
of buried pipes. AX = DKW r3/(EI + 0.061er*) (the Iowa formula), where e
= 2h/AX, 2r = D = pipe diameter, K = bedding constant, D; = deflection lag
factor, and EI = stiffness factor (related to pipe stiffness). (Reprinted with
permission of Utah State University.)

Bedding
angle

In 1958, Reynold K. Watkins, a graduate student of Spangler, was
investigating the modulus of passive resistance through model studies
and examined the Iowa formula dimensionally.>> The analysis deter-
mined that e could not possibly be a true property of the soil in that its
dimensions are not those of a true modulus. As a result of Watkins’
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TABLE 3.3 Values of Bedding Constant K

Bedding angle, deg K

0 0.110

30 0.108

45 0.105

60 0.102

90 0.096

120 0.090

180 0.083

effort, another soil parameter was defined. This was the modulus of soil
reaction E’ = er. Consequently, a new formula called the modified Iowa
formula was proposed. This equation is also often referred to as
Spangler’s equation or the Iowa formula and may be so referenced in
this text.

_ D, KW 3
" EI + 0.061E%* (3.5)

Two other observations from Watkins’ work are of particular note.
(1) There is little point in evaluating E’ by a model test and then
using this modulus to predict ring deflection, as the model gives ring
deflection directly. (2) Ring deflection may not be the only perfor-
mance limit.

Another parameter that is needed to calculate deflections in the
Towa formula is the deflection lag factor, D;. Spangler recognized that
in soil-pipe systems, as with all engineering systems involving soil, the
soil consolidation at the sides of the pipe continues with time after
installation of the pipe. His experience had shown that deflections
could increase by as much as 30 percent over a period of 40 years. For
this reason, he recommended the incorporation of a deflection lag fac-
tor of 1.5 as a conservative design procedure. However, recall that the
load proposed by Spangler was the Marston load for a flexible pipe. For
most sewer pipe installations, the prism load is at least 1.5 times
greater than the Marston load (see Chap. 2 for soil loads on pipe). If
the prism load is used for design, a design deflection lag factor D; =
1.0 should be used.

Soil modulus E analysis. The remaining parameter in the modified
Towa formula is the soil modulus E’. Spangler’s Iowa formula predicts
ring deflection based on elastic pipe and elastic soil. Spangler, a soil
engineer, included a horizontal elastic soil modulus E” which he called
the modulus of passive resistance of soil. In fact, horizontal passive
resistance is Ko,, where K = (1 + sin¢)/(1 — sin¢). Soil slip planes
occur at 45° — ¢$/2—not at 45°.
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Figure 3.8 Soil slip planes in an
embankment of sand compacted
to 85 percent standard Proctor
density.

Eventually (at a high enough load), general soil shear will occur. By
Mohr’s circle analysis, horizontal soil resistance is Ko,. Accordingly,
soil slip planes should occur at spring lines at angle 45° — &/2 with the
horizontal. The analysis is conservative. The soil friction angle ¢ is not
constant. It varies with depth of cover and ring deflection. In a con-
trolled test, planes of soil slip were observed in the sand embedment
of a flexible ring. See Fig. 3.8.

Soil modulus E’ may vary as the depth of cover (confining pressure
increases). In a confined compression test of soil, the slope of the
stress-strain (load-deflection) curve increases as the load increases.
That is, the load-deflection curve is concave upward. Thus, the slope
of the curve increases with load or depth. There have been sugges-
tions that a pipe buried in the soil performs in the same manner.
Therefore, E” should increase with depth (degree of confinement). If
such were true, then the slope of the load-deflection curve of a buried
pipe should increase with depth of cover, and the load-deflection
curve should be concave upward. In fact, only in select fills such as
crushed stone is this true. In other soils, the load-deflection curves
are concave downward and usually have a knee that is a function of
the preconsolidation occurring because of soil compaction in the pipe
zone.

A pipe buried in soil is not like a confined compression test. The pipe
effectively introduces a hole in the soil which in turn introduces pres-
sure concentration. And in the case of a flexible pipe, the soil is not
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Figure 3.9 Vertical deflection curves for 60-in HDPE pipe at various soil den-
sities. Solid lines are actual test data, and the dashed lines are approximat-
ed curves for intermediate densities. For the most part, curves are concave
downward. The 95 percent curve could be approximated by a straight line.
All curves could be approximated by bilinear lines.

confined but deflects with the pipe and may actually slide on the pipe
surface. Soil is not elastic and cannot take tension. (It is not attached
to the pipe.) The net effect of the deflection is the formation of micro
shear planes in the soil. The effective soil modulus decreases because
of the failing soil along the shear planes.

Figures 3.9 and 3.10 are load-deflection curves for steel and poly-
ethylene pipes which are flexible pipes. One can see in these figures
that the curves are concave downward, indicative of a decreasing
soil modulus because of micro shear failure in the soil. Also one can
see the knees in the curves that result from the preconsolidation of
the soil.

Many research efforts have attempted to measure E” without much
success. The most useful method has involved the measurement of
deflections of a buried pipe for which installation conditions are
known, followed by a back calculation through the Iowa formula to
determine the effective value of E’. This requires assumed values for
the load, the bedding factor, and the deflection lag factor. Inconsistent
assumptions have led to a variation in reported values of E’.

One attempt to acquire information on values of E” was conducted
by Amster K. Howard of the U.S. Bureau of Reclamation.!! Howard



90 Chapter Three

Figure 3.10 Vertical deflections for the six load-deflection tests on steel pipe.
Note that the curves are concave downward and have knees corresponding to
preconsolidation (compaction) of the soil.

used data from laboratory and field tests to compile a table of average
E’ values for various soil types and densities (see Table 3.4). He
assigned values to E’, K, and W, and then used the Iowa formula to cal-
culate a theoretical value of deflection. This theoretical deflection was
then compared with actual measurements. By assuming the E’ values
of Table 3.4 and a bedding constant K = 0.1, Howard was able to cor-
relate the theoretical and empirical results to within +2 percent deflec-
tion when he used the prism soil load. This means that if theoretical
deflections using Table 3.4 were approximately 5 percent, measured
deflections would range between 3 and 7 percent. Howard is reported
to have used a deflection lag factor D; = 1.5 in his calculations.
However, if the prism load were used as reported, a lag factor D; = 1.0
would have to have been used to be theoretically correct. In any case,
the data in Table 3.4 are consistent with field and laboratory data tak-
en over a 20-year period at Utah State University if the prism load is
used along with a value of 1.0 for the deflection lag factor. Although the
vast majority of data from Howard’s study were taken from tests on
steel and reinforced-plastic mortar pipe with diameters greater than
24 in, they do provide some useful information to guide designers of all
flexible pipe, including PVC pipe, since the data help to give an under-
standing of the Iowa deflection formula.
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Use of the constrained soil modulus for
flexible pipe design

In design of buried flexible pipe, the soil stiffness has traditionally
been modeled using the modulus of soil reaction E’. This is a semiem-
pirical parameter required as input to the Iowa formula for predicting
the deflection of buried pipe. An alternate would be to use the one-
dimensional constrained modulus M,. The relationship between E” and
M, has often been discussed in the literature, with a few researchers
concluding that the two parameters are interchangeable. Design val-
ues for M, as used in finite element programs are derived using the
hyperbolic model for Young’s modulus developed by Duncan. The
development of the hyperbolic soil model>3%% provides a nonlinear soil
model that has been used successfully in finite element analyses of
buried pipe. Thus, the hyperbolic model is incorporated in most finite
element programs that are used in buried pipe analysis. Examples are
CANDE and PIPES.

The Iowa formula, as proposed by Spangler, predicted the change
in the horizontal diameter of the pipe due to soil placed over the top
of the pipe. Watkins and Spangler?? proposed the use of the modulus
of soil reaction E’ with units of force per length squared. Later
Watkins, Spangler, and others showed that the vertical and horizon-
tal deflections were about equal for small deflection. They also
showed that the vertical deflection was the better predictor relating
to pipe performance. While the Iowa formula has been criticized by
some, it remains the best known simplified method for computing
deflections.

Howard’s E’ values (Table 3.4), back-calculated from measured
vertical deflections of many flexible pipe installations, are conserv-
ative. For the back-calculation, he had to assume the bedding fac-
tor and the lag factor. Some have proposed an increasing soil
modulus with depth of cover, but Howard found no correlation
between E’ and depth of fill. His data were limited to 50 ft of cover,
so he stated that his proposed values of E’ may not be valid for cov-
er greater than 50 ft.

As noted, many researchers have attempted to correlate the modu-
lus of soil reaction E” with other true soil properties that can be eval-
uated by test. The most common parameter used in these efforts is the
constrained modulus M,, which is the soil stiffness under three-dimen-
sional strain, where strain is assumed to be zero in two of the dimen-
sions because of restraint (Fig. 3.11).

Hooke’s law for o, in three dimensions is as follows:

__E v
o, = 1+v[€2+ 1- 9 (e,,+ey+ez)]
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Figure 3.11 Constrained compression test schematic.

where E is the elastic soil modulus (Young’s modulus) and v is
Poisson’s ratio.

For the constrained compression test (Fig. 3.11), both &, and ¢, are
assumed to be zero. In this case, Hooke’s law above takes on the fol-
lowing form:

o = { EA-v) ] .
‘ 1+vVA-2v) |~
The term in brackets is the effective modulus and is called the con-
strained modulus M..
Thus, M, is related to Young’s modulus for the soil E, and Poisson’s
ratio v by the following equation:

E,(1-v)

T+ 2v (3.6)

M, =

where M, = constrained soil modulus
E, = Young’s modulus of soil, MPa, lb/in?
v = Poisson’s ratio of soil

Typically, values for M, are computed as the slope of the secant from
the origin of the stress-strain curve to the stress level on the curve that
represents the free field soil stress at the side of the pipe (the average
modulus in Fig. 3.11).

Krizek et al.?! reported that M, could vary from 0.7 to 1.5 times E’.
Hartley and Duncan® and McGrath?® proposed a direct substitution, that
is, E’ = M,. In developing an elasticity model for a pipe embedded in uni-
form soil mass, Burns and Richard? used the constrained modulus as the
soil property most representative of soil behavior in the ground. For pur-
poses of buried pipe installations, the precision of the design models is
sufficiently low that an approximate relationship is acceptable.
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TABLE 3.5 Suggested Design Values for Constrained Soil Modulus Mg

Stress Soil type and compaction condition, MPa
level,
kPa SW95 SW90 SW85 ML95 ML90 ML85 CL95 CL90 CL85
7 13.8 8.8 3.2 9.8 4.6 2.5 3.7 1.8 0.9
35 17.9 10.3 3.6 11.5 5.1 2.7 4.3 2.2 1.2
69 20.7 11.2 3.9 12.2 5.2 2.8 4.8 2.4 14
138 23.8 124 4.5 13.0 54 3.0 5.1 2.7 1.6
275 29.3 14.5 5.7 14.4 6.2 3.5 5.6 3.2 2.0
413 34.5 17.2 6.9 15.9 7.1 41 6.2 3.6 2.4

1 MPa = 145 lb/in%.

The constrained modulus can be derived directly from the hyperbol-
ic soil model. Two constants are required to define the behavior of an
elastic material. The hyperbolic model uses Young’s modulus and the
bulk modulus as the parameters. The bulk modulus K in terms of E
and v is as follows:

- E
3(1 - 2v)

If both K and E are known, v can be calculated as follows:

1 E

2 6K

Thus, the constrained modulus M, can be calculated if the E and K val-
ues for the hyperbolic model are known.

McGrath? has suggested design values for M,, for use as a soil stiff-
ness parameter. These suggested values are proposed for use in the
Towa formula for deflection of buried pipe and other design equations
that had adopted the use of E’. The proposed values are secant moduli
and are listed in Table 3.5.

Deflection lag and creep

The length of time that a buried flexible pipe will continue to deflect
after the maximum imposed load is realized is limited. This time is a
function of soil density in the pipe zone. The higher the soil density at
the sides of the pipe, the shorter the time during which the pipe will
continue to deflect, and the total deflection in response to the load will
be less. Conversely, for lower soil densities, the creep time is longer,
and the resulting deflection due to creep is larger.

After the trench load reaches a maximum, the pipe-soil system con-
tinues to deflect only as long as the soil around the pipe is in the
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process of densification. Once the embedment soil has reached the den-
sity required to support the load, the pipe will not continue to deflect.

The full load on any buried pipe is not reached immediately after
installation unless the final backfill is compacted to a high density.
The increase in load with time is the largest contribution to time-
dependent deflection. However, for a flexible pipe, the long-term load
will not exceed the prism load. Therefore, for design, the prism load
should be used, which effectively compensates for the time-dependent
increase in load with trench consolidation and the resulting time-
dependent deflection. Thus, when deflection calculations are based on
the prism load, the deflection lag factor D; should be 1.0.

Creep is normally associated with the pipe material and is defined
as continuing deformation with time when the material is subjected to
a constant load. Most plastics exhibit creep. As temperature increases,
the creep rate under a given load increases. Also, as stress increases,
the creep rate for a given temperature increases. Materials that creep
are also subject to stress relaxation. Stress relaxation is defined as the
decrease in stress, with time, in a material held in constant deforma-
tion. Figure 3.12 shows stress relaxation curves for PVC pipe samples
held in a constant deflection condition. It is evident that stresses in
PVC pipes do relax with time.

Figure 3.13 shows long-term data for buried PVC pipe. Long-term
deflection tests were run at Utah State University by imposing a giv-
en soil load that was held constant throughout the duration of the test.
PVC pipe material creep properties have little influence on deflection
lag, but soil properties such as density exhibit great influence.

900
. 12 in diameter
5 800 ha S -~?\_gg_
£ ‘ Do%-*“—%——r—-_o
[=z]
S
£ 700
3
o
o
'§ N '
600 !
|
\ 8 In diameter
R —
"T‘“ A ——)
1 10 100

Time, h

Figure 3.12 Stress relaxation curves.



96 Chapter Three

e
5.0 r

1 10 100
Time, h

7.0
1 5% |
c = O ¥
> O/'O
O
2 r
e
s
= 6.0 T
3 75%
5 .v-——T =
= o /ﬁ:r
g
e
>

Figure 3.13 PVC pipe creep response.

Temperature-controlled tests of buried PVC pipe were run to
determine the temperature effect on the long-term behavior. Data
from these tests are given in graphical form in Fig. 3.14. The fol-
lowing procedures were used in conducting these tests. The pipe to
be tested was placed in the load cell. It was then embedded in soil
which was compacted to the specified percentage of Proctor density.
The load on the soil was increased until the desired starting vertical
deflection of the pipe was reached. At this point, the load as well as
the temperature was held constant, and the resulting time-depen-
dent deflection was determined. The starting deflections are some-
what arbitrary. Four of these tests were begun at about 4.75 percent
deflection, and two were begun between 9 and 9.5 percent deflection.
The loads required to produce these deflections were different in
each case.

Note that for the temperature range tested, an equilibrium state is
reached, and the pipe does not deflect beyond that point. The limiting
deflection and the time required to reach it are largely controlled by
the soil density. However, it is interesting to note in Fig. 3.14 for tests
at different temperatures with the same soil density:

1. The equilibrium deflection is slightly larger for higher tempera-
tures because the effective pipe stiffness is lower.

2. The time for equilibrium to be reached is shorter for higher tem-
peratures since the soil-pipe system can interact at a faster rate in
achieving equilibrium.

The above-described long-term tests were carried out in a soil cell.
The imposed load on a pipe in a soil cell is almost instantaneous
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Figure 3.14 Time deflection curves in temperature-controlled soil cell test.

because the loading plane is only about 30 in above the pipe. This pro-
vides a significant advantage over tests in either trench or embank-
ment conditions. In both the trench and the embankment, it takes
substantial time for the full load to reach the pipe—months and years
have been reported. When long-term tests are carried out in trenches
and embankments, the change in deflections with time is due to
increasing loads and soil consolidation. Figure 3.15 shows long-term
deflection curves for PVC pipe buried in an embankment.

During September 1975, an embankment installation reaching a
depth of cover of 22 ft was constructed over four test pipe sections that
extended radially from a single access manhole. The test site became
known as the mole hole and provided an excellent opportunity to eas-
ily monitor buried performance of PVC pipes for a 14-year period. In
the fall of 1989, the test pipes were excavated for a posttest examina-
tion. The test site was part of a gravel pit where the in situ soil is a
fine blow sand with 18 percent silt. The soil is moisture-sensitive and
is subject to soil collapse when saturated. Except in dry years, the site
itself experiences seasonal groundwater level changes which place the
pipe below the water table in the spring months and above the water
table in summer and most winter months.

Pipes were made of two different PVC compounds. Two samples
were 12364B cell class per ASTM D 1784. They have a calcium car-
bonate filler content of 30 parts per 100 to each 100 parts per 100
resin by weight. Two other samples were foamed PVC with a specific
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Figure 3.15 Deflection versus time for 10-in-diameter PVC sewer pipe (22-ft-
deep embankment).

gravity of 1.2. Tables 3.6 and 3.7 provide basic dimensions and prop-
erty data for the test pipe. Typical properties for unfilled, unfoamed
PVC cell class 12454B are also given in Table 3.6 for comparison pur-
poses.

Long-term deflection data. In-ground vertical deflection data were tak-
en for 14 years and are plotted in Fig. 3.15. A stable deflection period
was reached at 40 days (960 h) after installation, and was constant
until the first instance of the groundwater table reaching the level of
the pipe zone bedding. During the first spring season at about 150

TABLE 3.6 Basic Properties of Pipe Samples

Cell Pipe stiffness, SDR, E, Sp.
Compound  class*® Ib/in? Thickness, in ~ OD/tp,  Ib/in® gravity
Filled 12364B 45-50 0.327-0.331% 39-41 630,000 1.62
Foamed Exp.t 32-36 0.381-0.417 31-32 218,000 1.2
Unfilled/
unfoamed 12454B 46 min. 0.320 35 400,000 14

*Per ASTM D 1784.
TExperimental (not classified).
Ftmin Was varied to produce pipes with the same pipe stiffness.
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TABLE 3.7 Test Pipe Parameters

Pipe F/Ay, 1b/in? Soil density (% std. Proctor)
A 34 82
B 45 83
C 38 85
D 50 87

days (3600 h) following installation, the groundwater table rose above
the level of the pipe. This groundwater condition caused the soil to con-
solidate and the load to increase. This caused a somewhat rapid
increase in deflection for all pipe samples during this period. A new
stable or equilibrium deflection level was reached at about 400 days
(9600 h). The water table continued to fluctuate on an annual basis for
the 14-year test period. These subsequent water table movements
influenced deflection readings only slightly since the initial saturation
of the pipe zone.

Again, the soil around these pipes was a silty fine sand. For this soil,
over 92 percent standard Proctor density is necessary to ensure a void
ratio less than the critical value. The installed densities were less than
92 percent, resulting in void ratios greater than the critical. Thus,
when the water table rose into the pipe zone, soil consolidation took
place and caused pipe deflections to increase. This indicates that for
pipe installation below the groundwater table, additional deflection
control can be obtained if the density is such that the void ratio is
below the critical value. The test site area was also subjected to small
earthquake tremors during the test period. Any effects are included in
the deflection results.

The change in deflection, with respect to time, for this embankment
condition is greater than that measured in soil cell tests. This time-
dependent deflection is due to the increasing load that is taking place
in the embankment tests, whereas in the soil cell tests the load is
applied to soil just over the pipe and is held constant. The equilibrium
deflections, being approached by the curves in Fig. 3.15, are the same
deflections which would result if similar pipes were tested in the soil
cell at the same soil pressure, with the same initial soil density, and
with the addition of water.

Postevaluation of buried samples. Pipe samples excavated from the site
were examined visually, and no signs of cracking, crazing, or other
polymer damage were evident. Specific gravity, pipe stiffness, and wall
thickness measurements were taken for each sample and are given in
Table 3.8. Notably, the pipe stiffness for the foamed samples varied
from 34 to 38 lb/in? initially and ranged from 36 to 40 1b/in? after 14
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TABLE 3.8 Postexcavation Properties of Embankment Pipe Samples

Pipe*
Pipe sample Compound Thickness Specific stiffness, 60%
designation type average, in gravity Ib/in? flattening
A Foamed 0.381 1.2 36.8 No cracking
B Filled 0.327 1.6 44.0 No cracking
C Foamed 0.417 1.2 40.5 No cracking
D Filled 0.331 1.6 49.0 No cracking

*Postevaluation pipe stiffness per ASTM D 2412.

years. The filled pipe samples varied from 45 to 50 lb/in2 initially and
measured 44 to 49 Ib/in? after 14 years of buried service. These small
variations are probably within the expected experimental error, and no
change in the pipe’s capacity to resist deflection occurred over this
time period.

These pipes were each subjected to a 60 percent deflection test pre-
scribed in D 3034, F 789, F 798, F 784, etc., to determine ductility.
Each sample sustained that deflection level without cracking.

Additional mole hole data. After the above pipes were excavated, four
new PVC pipes were installed in the same location in an embankment
installation with 22 ft of cover. This installation was completed on
October 20, 1989. Deflections were monitored for the next 7 years. The
2 years following this installation were fairly dry years, and ground-
water did not rise into the pipe zone during these years. The winter of
1991-1992 was fairly wet. During the mountain snowmelt period in the
spring of 1992, after the pipes had been in the ground for 30 months,
groundwater rose above the pipe and saturated the pipe zone soils.

In-ground vertical deflection data are plotted in Fig. 3.16. It can be seen
that the deflection became almost stable after about 10 months and was
totally stable after 20 months. For the silty sand, the critical density is
about 92 percent of standard Proctor density. Thus, the pipe that was
installed at 88 percent had an increase in density when the soil became
saturated and became more dense. The two pipes that were installed in
dumped gravel showed a small increase in deflection. This shows that the
water serves as a lubricant for the gravel particles and allow some densi-
fication. The pipe that was installed in silty sand compacted to 93 percent
standard Proctor density had almost no increase in deflection. This is a
direct indication that pipe should be installed in soils compacted to den-
sities higher than critical if deflection control is pertinent.

A new stable or equilibrium deflection level was reached at about 32
months. The water table continued to fluctuate on an annual basis for
the remaining test period. These subsequent water table movements
had no measurable influence on the deflection readings.
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Figure 3.16 Embankment data for pipes installed 22 ft deep. Note the increase
when groundwater rose above the top of pipes 30 months after installation.

This test location became a victim to progress. Thirty months after
installation, a subdivision moved into the area. The access pipe was
removed and homes now stand over the pipes which are 22 ft down.

Extensive research has established that any buried flexible pipe
(i.e., steel, fiberglass, or plastic) will continue to deflect as long as the
surrounding soil consolidates. Thus, as previously stated, the creep
properties of pipe materials have little effect on the long-term deflec-
tion behavior of flexible pipe when buried in soil, and in most cases, a
deflection lag factor D; of 1.5 conservatively accounts for long-term
effects due to time-dependent load increases and due to consolidation
of soil in the pipe zone. Alternatively, design can be based upon the
anticipated prism load and a Dy, of 1.0.

PVC versus steel. Time-versus-deflection curves for pipe under con-
stant load in a soil test cell are given in Fig. 3.17. The two pipes are
from totally different materials (steel and PVC) but have exactly the
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Figure 3.17 Steel and PVC pipes with the same pipe stiffness
(F/Ay = 46 1b/in2) and installed in the same manner with 85
percent standard Proctor density in silty sand soil.

same pipe stiffness (F/Ay = 6.7EI/r® = 46 lb/in?). Both pipes are
installed in the same soil (silty sand) compacted to the same soil den-
sity (85 percent standard Proctor density). For these constant-load
tests, equilibrium is achieved in about 25 h. This shows that the basic
material properties of the pipe have little to do with overall perfor-
mance of the pipe. For instance, PVC creeps at a much higher rate
than does steel, but this difference in creep properties has no effect on
performance. Also, the modulus of elasticity of steel is 75 times that of
PVC. The two most important properties that have the principal influ-
ence on the performance of a buried pipe are first and foremost, soil
density, second, pipe stiffness.

In very simple terms, the soil stiffness is primarily a function of soil
density, and the soil stiffness and the pipe stiffness work together in
supporting the imposed loads. Thus, the two contribute directly to the
overall pipe performance.

Watkins’s soil-strain theory

A number of variations of Spangler and Watkins’s modified Iowa for-
mula have been proposed. All can be represented in simple terms as
follows:

load

Deflection = 3.7
ehection pipe stiffness + (constant) (soil stiffness) 3.7
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Upon analyzing data from many tests, Watkins wrote the Iowa formu-
la in terms of dimensionless ratios as follows:

Ay _ PR

D ~ EAR + B (3.8)

where P = vertical nominal pressure at the top of pipe level, 1b/in2, and
R, = stiffness ratio. (This is the ratio of soil stiffness E, to pipe-ring
stiffness EI/D3. This quantity includes all the properties of materials,
soil as well as pipe.) Since for a solid wall pipe of constant cross sec-
tion I = ¢3/12, then

ED?

=12
E Et

where E, = slope of stress-strain curve for soil at load in question in
a one-dimensional consolidation test
= Ple
€ = vertical soil strain
A, B = empirical constants which include such terms as D;, and
K of the Iowa formula

Through transposition, Eq. (3.8) can be restated as

Ay _ R,

D~ AR + B (3.9)

In this form, the above equation represents a simple relationship
between two dimensionless variables: ring deflection ratio Ay/(De) and
stiffness ratio R,. Figure 3.18 represents the design curve that can be
used for predicting ring deflection. It is based on current theoretical as
well as empirical data generated in Europe and the United States.

In most flexible pipe installations, the pipes are relatively flexible
compared to recommended sidefill. Thus, the pipe follows the soil
down, and the deflection ratio approaches unity. The stiffness ratio R,
is usually greater than 300, which is to the right of the plot of Fig. 3.18.
Even if R, is usually greater than 300, it is conservative to assume
(Ay/D)/e = 1. So the ring deflection becomes

Ay

D "¢ (3.10)

This demonstrates that a flexible pipe is deflected down about as
much as the sidefill settles. The vertical soil strain in the fill depends
upon the soil compressibility and the nominal load (Fig. 3.19). Curves
shown in Fig. 3.20 relate soil strain to the soil pressure.
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Figure 3.18 Ring deflection factor as a function of stiffness ratio.
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Figure 3.19 Concept for predicting settlement of soil by means of
stress-strain compression data from field or laboratory.

The use of soil strain to predict pipe deflection then becomes a simple
exercise. The ratio of pipe deflection to soil strain can be determined from
Fig. 3.18. This value will usually be unity for most flexible pipe installa-
tions. The load on the pipe is calculated using the prism (embankment)
load theory, and the soil strain can be determined from Fig. 3.20.
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Figure 3.20 Plot of vertical stress-strain data for typical trench backfill (except clay)
from actual tests.

For the soil to be used as embedment, a series of simple laboratory
tests can be run to produce data similar to those shown in Fig. 3.20.
However, experience has shown that data given in Fig. 3.20 are repre-
sentative of most soils and can be used for design. Thus it is evident that
soil density is the most important parameter in limiting pipe deflection.

Empirical method

Each of the methods discussed so far for determining load and deflec-
tion has a theoretical basis, and except for the prism load theory, all
require experimental investigation to determine the unknown con-
stants. In the past several years, techniques have evolved whereby a
model or prototype pipe is tested until failure occurs and the total per-
formance of the pipe is studied. Suppose a pipe is to be designed with
a certain earth cover in an embankment. Without a pipe in place, no
arching occurs, and the soil pressure at any height is easily calculated
(the prism theory load at that depth). When a pipe having good flexi-
bility is in place, the static pressure will not be greater than the prism
load pressure applied. Trying to calculate the actual pressure has frus-
trated researchers for years. If a pipe is installed in a prism load con-
dition (e.g., soil cell), the resulting deformation can be monitored
without the need to calculate the actual static pressure.
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This procedure has been used with great success at various research
laboratories such as at Utah State University under the direction of
Reynold K. Watkins and at the U.S. Bureau of Reclamation under the
direction of Amster K. Howard. Data obtained in this manner can be
used directly in the design of soil-pipe systems and in the prediction of
overall performance. The possibility of buckling, overdeflection, and
wall crushing is evaluated simultaneously by actual tests. No attempt
to explain the soil-pipe interaction phenomenon is necessary in the use
of this method, and the end results leave nothing to be estimated on
the basis of judgment.

For example, if tests show that for a given soil compaction at 25 ft
(7.6 m) of cover a flexible pipe deflects 3 percent, and in every other
way performs well, the actual load on the pipe and the soil modulus
are academic. Thus, a pipe installation can be designed with a known
factor of safety provided that enough empirical test data are available.
In collection of these data, pipe was installed in a manner similar to
that used in actual practice, and the height of cover was increased
until performance levels were exceeded. The procedure was repeated
many times, and a reliable empirical curve of pipe performance versus
height of fill was plotted. The use of these empirical curves or data
eliminates the need to determine the actual soil pressure since the
pipe performance as a function of height of cover is determined direct-
ly. Equally good empirical approaches to study of the deflection mech-
anism are

® The study of actual field installations

® The simulation of a large enough earth cover in a soil test box to
exceed the performance limits of the pipe

To avoid the problem of having to establish design data for the infi-
nite variety of installations and bedding conditions that are found in
the field, the following design bases have been chosen:

® The embankment condition is selected as critical. (The results are
conservative for other than embankment conditions.)

= Time lag or settlement of the embankment is included by analyzing
long-term values of deflection.

An added advantage of this system is that by a single test, not only
can ring deflection be determined, but also performance limits such as
ring crushing, strain, and wall buckling can be noted and analyzed.
The use of such data may be considered the most reliable method of
design and is recommended when available. Some of the pipe products
for which empirical test data have been determined are as follows:
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Asbestos-cement (AC) pipe

Corrugated steel pipe

Ductile iron pipe

Fiberglass-reinforced plastic (FRP) pipe
Polyethylene (PE) pipe

Polyvinyl chloride (PVC) pipe
Reinforced-plastic mortar (RPM) pipe
Steel pipe (CMC-CML)

Substantial data are available for PVC sewer pipe made in accor-
dance with ASTM D 3034 with minimum pipe stiffness of 46 1b/in? and
have been compiled by researchers at the Buried Structures
Laboratory, Utah State University. The results of many measurements
are categorized in Table 3.9 according to soil type, soil density, and
height of cover. Deflections presented in Table 3.9 represent the
largest deflections encountered under