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NOTATION

horizontal breadth (outside) of conduit in feet.
horizontal width of ditch at top of conduit in feet.
load coefficient for projecting conduits.

load coefficient for ditch conduits.

load coefficient.

deflection of the vertical height of the conduit.
deflection lag factor.

modulus of elasticity of pipe metal in psi.

er = modulus of soil reaction in psi.

e modulus of passive resistance of the enveloping soil,
in pounds per square inch per inch.

impact factor.

distance from ground surface down to any horizontal plane
in backfill in feet.

height of fill above top of conduit in feet.

height of plane of equal settlement in feet.

moment of inertia per unit length of cross-section of

the pipe wall in inches? per inch.

a bedding constant, its value depending on the bedding
angle.

Rankine's ratio, ratio of active lateral unit pressure

to vertical unit pressure;

/T F T - u
Juz + 1 + p
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length of conduit section on which load is computed

in feet.

concentrated wheel load on surface of fill in pounds.
mean radius of the pipe in inches,

settlement ratio.

settlement of the conduit into its foundation.
settlement of the natural ground surface adjacent to

the conduit.

compression strain of the side columns of soil of height
PB.. |

vertical pressure on any horizontal plane in backfill

in pounds per linear foot of ditch.

unit weight of £illing material in pounds per cubic foot.
load on conduit in pounds per linear foot.

average load per unit length of conduit, due to wheel
load in pounds per foot.

base of natural logarithms = 2.71B218.

coefficient of internal friction of fill material.
coefficient of friction between fill material and sides

of ditch.



INTRODUCTION

The theory of external loads on buried conduit was sug-
gested by Anson Marston (1) in 1913. The term conduit in-
cludes culverts, drains, sewers, aqueducts, water pipes, gas
mains, telephone conduits, and underground steam mains. Con-
duits of this general type have been used by mankind for at
least 3,000 years, but not until Marston started his work
about 1910 was serious effort directed toward the development
of a rational method for determining the magnitude and char-
acter of the loads to which underground conduits were subjected
in service due to the soil overburden and loads superimposed
on the surface. The research (2) (3) (4) of Marston and Spangler
resulted in papers that developed a complete mathematical
theory of external load on closed conduits and of the sup-
porting strengths of pipe conduits. These theories applied
to all types of closed conduits and to all classes of field
conditions.

The load of the conduit is a function of the depth of
burial, shape, and rigidity of the pipe, the so0il, and the
method and efficiency of construction. The fill load is
usually assumed to be uniformly distributed over the width of
the conduit and along the length under consideration. Its
value depends on the saturated density, the frictional char-
acteristics of the f£ill, the depth of cover over the top of

the conduit, the relative density of the trench wall and fill,



and the effective width of the trench. The effective width

depends on the method of installation which affects the direc-
tion of the frictional forces acting on the shear planes

within the fill and on the rigid or flexible conduit.



PURPOSE OF THE STUDY

The purpose of this report is to review Marston's
theories of external loads on closed conduits and all the
available literature pertinent to this type of structure
published since Marston's work. From this the physical con-
ditions of the conduits and the forces to which they are sub-
jected will be analyzed, several kinds of bedding conditions
of buried conduit will be shown, and the relation of the
external load to the bedding conditions will be shown. The
supporting strength of conduits is relatively important in
the design of conduits and this will be analyzed in this
report. Typical examples of analysis from given data will

be shown.



REVIEW OF LITERATURE

From the standpoint of rigidity, closed conduits were
classified by Marston (4) as rigid, semi-rigid, or flexible.

Rigid conduits: The cross sectional shapes cannot be
distorted sufficiently to change the vertical or horizontal
dimensions more than 0.1 per cent without causing materially
injurious cracks.

Semi-rigid conduits: The cross sectional shapes can be
distorted sufficiently to change the vertical or horizontal
dimensions more than 0.1 per cent, but not more than 3.0 per
cent without causing materially injurious cracks.

Flexible conduits: The cross sectional shapes can be
distorted sufficiently to change the vertical or horizontal
dimensions more than 3.0 per cent before causing materially
injurious cracks.

On the basis of construction conditions, conduits may
be classified by Marston (4) as ditch conduits or projecting
conduits.

Ditch conduits: Conduits installed in relatively narrow
ditches dug in undisturbed socil and then covered with earth
backfill.

Projecting conduits: Conduits installed in shallow earth
bedding with the top of the conduit projecting above the sur-

face of the natural ground, and then covered with an embankment.



For the purpose of calculating the external vertical
loads on projecting conduits, the field conditions affecting
the loads are conveniently grouped into four sub-classifica-
tions based on (1) the magnitude of the settlement of the
interior prism relative to the exterior prism, and therefore,
the direction of the shearing stresses, and (2) the height of
the embankment in relation to the height of equal settlement.
These four conditions are classified by Spangler (5) as
follows. |

Complete projection condition: The top of the conduit
settles less than the critical plane and the height of the
embankment is less than the theoretical height of equal set-
tlement.

Incomplete projection condition: The top of the conduit
settles less than the critical plane and the height of the
embankment is greater than the height of egual settlement.

Complete ditch condition: The top of the conduit settles
more than the critical plane and the height of tﬁe embankment
is less than the height of equal settlement.

Incomplete ditch condition: The top of the conduit set~
tles more than the critical élane and the height of the em-
bankment is more than the height of equal settlement.

The more important external loads on closed conduits,
according to Marston (1), result from the weight of the soil
above the pipe. The load at any point on the exterior surface
is sufficiently expressed by its vertical and horizontal

components acting perpendicularly to the cross sectional



plane at the point. The vertical components of such loads

are usually much greater and more important than the horizontal
components, and the latter are most conveniently expressed in
terms of their ratios to the vertical components.

Hence, the mathematical formulas for computing external
loads on closed conduits is most conveniently expressed in
the vertical load components only, leaving the horizontal
pressures to be calculated from their ratio to the vertical
loads.

The external loads on closed conduits comprise the down-
ward loads applied usually to the upper portions of the conduit
exteriors and the resultant upward soil foundation pressures,
applied usually to the lower portions of the conduit exteriors.
The total foundation pressure upward must be eqgual to the
total load downward for static equilibrium.

The external loads on closed conduits are of two classes.
First is the locad due to the fill materials placed over and
around the conduits. Second is the load transmitted through
the fill materials due to extraneous superimposed loads,
applied at the upper surface of the fill.

The mathematical theory of loads on closed conduits due
to fill materials was developed by Spangler (5) (6) as out-

lined below.



Load on ditch conduits

When a conduit is placed in a ditch not wider than two
or three times its outside diameter and covered with earth,
the backfill material has a tendency to compact and settle
downward. This downward movement of the soil in the ditch
above the pipe produces vertical frictional forces or shearing
stresses along the sides of the ditch which act upward on the
prism of soil within the ditch and thus partially support the
backfill material. The difference between the weight of the
backfill and these upward shearing stresses is the load which
must be supported by the conduit at the bottom of the ditch.
Assuming the cohesion between the backfill material and the
sides of the ditch is negligible, the magnitude of the ver-
tical shearing stresses is equal to the active lateral pres-
sure exerted by the soil backfill against the sides of the
ditch multiplied by the tangent of the angle of friction
between the two materials.

This assumption of negligible cohesion by Spangler (7)
is justified because: (1) A ditch filled with cohesive mate-
rial cannot develop cohesion between backfill and the sides
of the ditch for a long period of time; and (2) The assumption
of no cohesion yields the maximum probable load on the conduit.
This maximum load may develop at any time during the 1life of
the conduit as a result of heavy rainfall or some other ac-
tion which may eliminate or greatly reduce cohesion between

the backfill and the sides of the ditch.
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Natural Ground

SRS %\Wf’
< bl wB ddh % v
d N | ~Ku'—— dh

Fig. 1. Free-body Diagram for Ditch Conduit

Let Fig. 1 represent a cross section of a unit length of
ditch conduit and consider a horizontal element of the fill

material of height dh at a distance h below the ground surface.

v . = the vertical pressure on the top of the element.

V + dV = the vertical pressure on the bottom of the
element.

wBgdh = the weight of the element.

K—%Edh = the lateral pressure on each side of therelement.

Since the element has a tendency to move downward in
relation to the sides of the ditch, the lateral pressures
include upward shearing forces equal to Ku'—g_dh. It may be

d
equated as follows:

V+dV+2K]J'—Y—dh=V+de_h ___________ (1)
Bd d
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The solution of this differential equation is:

V = wBg? l1-e 4 oD - - (2)

2Xyu'

The portion of this total pressure which is carried by
the conduit depends on the rigidity of the conduit in com-
parison with that of the fill material between the sides of
the conduit and the sides of the ditch. In the case of a
very rigid pipe, such as a burned clay, concrete, or heavy-
walled cast iron pipe, the side fills may be relatively com-
pressible and the superimposed load can safely be carried by
the conduit. The pipe that is relatively flexible and thin-
walled must have soil that is thoroughly tamped at the sides
of the pipe, so the stiffness of the side fills support the
sides of the conduit and the load on the pipe will be trans-
mitted to the side fills that must be capable of carrying the
transmitted pressure.

For the case of rigid ditch conduits with relatively

compressible side fills, the load will be:

For the case of flexible pipe and thoroughly compacted
side fills having the same degree of stiffness as the pipes,

the load will be:

W=CgwBBg - -=-=-=-==-=->===->=~-----~ (3b)
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in which for both equations:

H
- i
2Ku 5

Cg=——————— - - - - - - - - - - - (4)
d 2K

Evaluation of these formulas may be simplified by the
use of the computation diagram in Fig. 2, in which values of
Cgq for various values of —%E have been plotted for several
kinds of fill materials having different coefficients of

internal friction.
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Fig. 2. Diagram for Coefficient Cy for Ditch Conduits
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The width of ditch, Bd’ is the actual width of the paral-
lel sided ditch. 1In case the ditch is constructed with
sloping sides, the width of ditch, studied by Schick (8),
at or slightly below the top of the pipe is the proper width
to use in the load formula.

The theoretical loads are, therefore, safe working loads
which should be used in the design of ditch conduits to pre-
vent cracking of the pipe. Long unusually wet periods may so
weaken the soil that it will no longer support the sides of
the pipe. The soil at the sides of the pipe may be danger-
ously softened or even washed away by water forced through
the cracks of the pipe, especially if the pipe is forced at

times to operate under head.

Loads on projecting conduits

It is evident that the height of the interior prism,
shown in Fig. 3, will be less than that of the exterior prisms
by the amount which the conduit projects above the natural
ground. This is in accordance with the well-known phenomenon
that a high prism of soil will settle more than a lower prism
of the same soil at equal density. There is a tendency for the
exterior prisms to settle more than the interior prism and for
friction forces or shearing stresses to be exerted along the
vertical planes bounding the interior prism. These shearing
stresses will be equal to the active lateral pressure at these
planes, multiplied by the coefficient of internal friction of

the fill material. It is known that definite shearing planes
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between the interior and exterior prisms of soil do not
actually exist in an earth embankment. The shearing stresses
are transferred from one prism to another through more or
less narrow zones of the fill material. MNevertheless, the
assumption of actual vertical shearing planes is employed for

convenience in developing the theory.

Top of Embankment
| 1
]

Plane of Equhl Settlement
» *!
{

o]
|
m
{
|
Exterior i} Intefrior |Exterior o
o
i

Prism ﬂ Prism ! Prism

Critical |

Conduit and Natural
Ground Settle Equally

Fig. 3. Projecting Conduit

The plane of equal settlement is defined, by Spangler
(5), as the horizontal plane in the embankment at and above

which the settlements of the interior and exterior prisms of
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soil are equal. The fact of a plane of équal settlement in
this basic case is brought about by the transfer of pressure,
by shear, from the exterior prisms to the interior prism.

The vertical deformation of the prism of soil material is due
to its own weight which is a function of its height and the
unit weight of the material. Normally, the summation of
deformations from the bottom of a prism upward will be at a
greater rate in a high prism than in a lower one if they act
independently of one another. In the case of projecting con-
duits, however, the exterior prisms of soil transfer a part
of vertical pressures to the interior prism. As a result,
because of this stress transfer, the rate of summation of
vertical deformations will be reduced in the exterior prisms
and increased in the interior prism. Therefore, the total
summation of deformation in the interior prism will approach
that in the exterior prisms, and the height at which they
become equal is the height of equal settlement. The exis-
tence of shearing stresses below a plane of equal settlement
was studied in one of Marston's early experiments.

A critical plane is defined as the horizontal plane
tangent to the top of the conduit after installation. When
the interior prism settles more than the exterior prism, the
shearing resistance between the exterior and interior prisms
greatly reduces'the pressure on the pipe and when the reverse
is true, the pressure on the pipe is greatly increased. The
resultant load is less than the weight of the soil above the

structure when the shearing forces act upward. This is called
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the ditch condition.

In the mathematical analysis of loads on projecting
conduits, the net effect of settlement factors, both as to
magnitude and direction of the relative movements of the
three prisms of soil, is combined into an abstract ratio
known as the "settlement ratio". A settlement ratio is
defined, by Spangler (5), as the ratio of the difference
between the settlement of the critical plane and the top of
the conduit to the settlement of the fill material and the

top of the conduit.

(S + Sg) - (8¢ + d¢)
Ys¢ = ———707————  —— -~ - - - - - =- (5)
Sm
Conditions Settlement ratio
Rigid culvert on foundation +1.0

of rock or unyielding soil.

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 U b #4.5
ground.

Flexible culvert with poorly -0.4 o 0

compact side fills.

Flexible culvert with well-
compacted side fills. -0.2 to +0.8

Table 1. Design values of settlement ratio
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It is more practical to consider the settlement ratio
as an empirical guantity and to determine working wvalues for
design purposes from observations of the performance of actual
culverts under embankments. These values, based on observa-
tion, are shown in Table 1 (7).

Considering first the complete ditch and projection con-
ditions, Fig. 4, in which H < Hy (Hg is imaginary in this
case), the vertical forces on any thin horizontal element of

the interior prism may be equated (5) as follows:

V+dV =V +uBedh t 2Kp—g—dh - = = = = - - - - (6)
C

the solution of this differential equation is:

Cc -
vV = ch2 g l L - - - - (7)

*2Ku

At the top of the conduit, V = Wer h = H; therefore,

Wo=CMWBg2 = = = = = = = = = = = = = = = = - - (8)
in which
izKu—g—
e - 1
Cog & m = = = — = s = E = - (9)
*2Ku

In this formula the plus sign is used for the complete
projection condition and the minus sign for the complete

ditch condition.
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Plane of Egual Settlement Top of Embankment
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Top of Embankment Plane of Egual Settlemen
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Natural Ground
_ ——— Initial Elevation (When H = 0)
ittt Flevation When H = H

—= = — - — After Settlement

Elevation at Completion of Fill

Fig. 4. Complete Projection Fig. 5. Incomplete Projection
Condition Condition

Considering the incomplete ditch and incomplete projec-
tion conditions (Fig. 5), in which H > H,, and again equating

the vertical forces on a thin horizontal element, we obtain:

V+ dv = V + wBdh = 2Kp—~dh - = = = = = - - - (10)
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When h = 0, V = (H - Hg)wB,, and the solution of this differential

equation is

ch2 ch2 iZKu—%— i2Ku—%—
vV = + e C + (H - He)che c (11)

2Ky 2Ky

At the top of the conduit, V = Wer and h = He’ and we have

We=CWB_® - - = - === commmmmm oo oo (12)
in which
H
e H
+ e
e‘ZK“ Be _ . He  *2Ku—g
Cc = + (5=~ —F) e ¢ - =-=--113)
+2Ky c c

As before, the plus signs are applicable to the incom-
plete projection condition and the minus signs apply to the
incomplete ditch condition.

As in the case of ditch conduits, the solution of these
various expressions for loads on projecting conduits is made
easier by the construction of a computation diagram (4) (9),
as shown in Fig. 6, from which values of the load coefficient
Ce can be obtained for substitution in Equations (9) and (13).
It will be noted that C, is a function of the ratio of the
height of fill to the width of the conduit, —gg, and of the
product of the settlement ratio and the projection ratio,

regPr as well as of the friction characteristic of the soil.
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However, the influence of the coefficient of internal fric-
tion, p, is relatively minor in this case, and it is not
considered. Therefore, in Fig. 6, it was assumed that

Ku = 0.19 for the projection condition, and that Kp = 0.13

for ditch condition.

10

mms

Values of

2 Z

0 1 2 3 4 5 6 7 8 9 10
Values of Coefficient C,

Fig. 6. Diagram for Coefficient C, for
Projecting Conduits
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The mathematical theory of loads on closed conduits due to

super-load

In addition to external loads imposed by the filling
material around and above underground conduits, these struc-
tures are also subjected to loads resulting from highway,
railway, or airplane traffic or from other types of loads
applied at the surface and transmitted through the soil to
the underground structure. Such loads are of major importance
when a conduit is placed under a trafficway with a relatively
shallow covering of earth.

John H. Griffith, (10), was among the first to suggest
the applicability of the Boussinesq solution for the distri-
bution of stress in a semi-infinite elastic solid to various
problems of stress distribution in soils. Subsequent experi-
ments on both ditch and projecting conduits have shown that
a concentrated surface load, such as a truck wheel, is trans-
mitted through the so0il covering to the underground structure
substantially in accordance with the Boussinesqg solution.

From these facts, the load on an undergrouna conduit -
due to a concentrated surface load may be expressed by

Spangler (5) (11) as:

Values of Ct for conduit 3 ft. long of various widths,

B are shown in Fig. 7 for various heights of fill up to

c’

10 £ft. When fill loads and surface loads are combined to
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obtain the design load on an underground conduit, the minimum
load will be found to occur when the height of f£ill is rela-

tively thin over the top of the structure.

g

~ faet

L=

c

]
2 L1
Y
=
£
&
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&
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to Surface of Fill
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; \ e
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Fig. 7. Concentrated Surface Load Coefficients
for Underground (L = 3 Ft.)
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The impact factor, F;,

is equal to unity when the surface
locad is static. When it is moving, as in the case of ﬁruck
or airplane wheels, the value of F; may vary widely depending
on the speed of the vehicle, vibratory action, wing uplift,
and most importantly, the roughness characteristics of the

roadway surface. The design values of F; range from 1.5 to

2,0 for highway traffic on an unsurfaced roadway.

The bedding conditions of buried conduits

A wide variety of bedding conditions affecting the dis-
tribution of the bottom reaction and of baékfilling conditions
affecting lateral pressure on a pipe may be encountered in
practice. The distribution of the bottom reaction depends
upon the quality of the pipe bedding. For instance, if a
pipe rests on a flat concrete floor, the reaction is concen-
trated along a line and stresses in the pipe wall are very
high, just as the stresses in a beam are greatly increased if
the load is concentrated at the center instead of being dis-
tributed over the span length of the beam. The definite
supporting strength which sewer pipe will develop in actual
ditches with different pipe-laying methods is essential to
the rational design of pipe conduits. The bedding classes
were developed a number of years ago, when hand labor was
extensively employed in the installation of conduits in trenches.
More recently, practicing engineers have developed methods of
bedding pipe conduits which require the use of selected

granular materials, but much less hand labor.
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Bedding conditions for ditch conditions

The following bedding classifications have been defined

by Marston (2) and are illustrated in Fig. 8.

o’
o)
o

4

o,

Thoroughly  ;5{Jf{”"'5T 4

ANAAANAKARANANA

—

a) Concrete Cradle (b) First Class
Bedding ' Bedding

(c) Ordinary Bedding (d) Impermissible
Bedding

Fig. 8. Ditch Conduit Bedding



