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I Scopk or APPLICATION AND DEFINITIONS

Working over a period of about twenty-one years, and assisted at
different times by several persons,* the author of this paper has devel-
oped, and from time to time published,} 1n successive stages, a com-
plete mathematical theory of external loads on closed conduits and
of the supporting strengths of pipe conduits This theory applies to
all kinds of closed conduits and to all classes of field conditions of
conduit construction

The theory 1s supported strongly, and with remarkable unanimity :
First, by all actual weighings on record of loads on closed conduits
determined in experimental researches; second, by extensive field
data obtained by several series of -widespread examinations of actual
conduits in use.

The term “ conduits ” includes culverts, drains, sewers, aqueducts,
water pipes, gas mamns, telephone condwits and underground steam
mains; of all shapes, materials, degrees of rigidity, field construction
conditions affecting loads, and field construction conditions affecting
supporting strengths.

As to shapes, closed conduits may be rectangular, arched, oval,
circular, or of any other shape

As to materials, closed conduits may be of masonry (brick, plain
or reinforced concrete, or stone) constructed in place or otherwise
or of pipes or conduit sections, of burnt clay, or plamn or reinforced
concrete, for culverts, sewers, tile drains, or telephone or other con-
duits, or of metal, including cast iron, steel or wrought iron and
corrugated metal , or of wood, including box sections and wood stave
p1pe, and bored wood pipes.

As to degrees of rigidaty, closed conduits may be classified as:

1. Rigid condusts, whose cross sectional shapes cannot be distorted
sufficiently to change their vertical or horizontal dimensions
more than 0 1 per cent without causing materially injurious
cracks; including all rectangular conduits, and all cylindrical
conduits made of plain or remnforced concrete masonry or
p1pes, or of burnt clay pipes

2. Semi-rigid condusts, whose cross sectional shapes can be distorted
sufficiently to change their vertical or horizontal dimensions

* See Acknowledgments, Appendix A

1 See List of Publications of the Theory of External Loads on Closed Conduuts,
Appendix B
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more than 0 1 per cent, but not more than 3 0 per cent, without
causing materially injurious cracks; including segmental block
conduits, and those made of cast iron pipe, together with some
brick or stone block masonry cylindrical conduts.

3. Flexible conduils, whose cross sectional shapes can be distorttd
sufficiently to change their vertical or horizontal dimensions
more than 3 0 per cent before causing materially injurious
cracks; including those made of corrugated pipe, thin steel or
wrought 1ron pipe, and probably some cylindrical conduits
made of brick or stone block masonry.

As to field construction conditrons affecting external loads, closed
conduits may be classified as: -

1. Dutch condusts, completely buried in ditches excavated in com-
paratively solid and 1next materials

2 Projecting condurts, under embankments but projecting above
the embankment sub-grades

The field construction conduvbrons affecting external loads on pro-
jecting conduits may be classified as:

1 The ditch condition, a typical case of which 18 a very flexible
culvert projecting above the sub-grade under a low embankment
The wncomplete ditch condition, a typical case of which 18 a very
flexible culvert projecting above the sub-grade under an embank-
ment of considerable height
38  The wncomplete projection condition, a typical case of which 1s a
rigid or semi-rigid culvert projecting above the sub-grade under
an embankment of considerable height
4 The projection condition, a typical case of which 1s a rigd or
semi-rigid culvert projecting above the sub-grade under a low
embankment

Nore—There are some minor modifications of the above four mamn
classes

o

Fueld construction conditrons affecting supporting strengths of
closed condurts may be classified as follows

1 Impermissible bedding, 1s that method of bedding conduits in
which materially isufficient care 1s exercised to shape the foun-
dation surface to fit the lower part of the conduit exterior and,
to refill all spaces under and around the conduit with granular
materials at least partially compacted.

9 Ordwnary bedding, 18 that method of bedding conduits completely
buried 1n ditches 1n which the condutt 1s bedded, with “ ordi-
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nary " care, in an earth foundation shaped to fit the lower part
of the conduit exterior with reasonable closeness for a width
of at least 50 per cent of the condu1t breadth; and in which the
remainder of the conduit is surrounded to a height of at least
0 5 feet above 1ts top by granular materials, shovel placed and
shovel tamped to completely fill all spaces under and adjacent
to the conduit, all under the general direction of a competent
engineer.

2a Ordwary projection bedding, is that method of bedding pro-
jecting conduits under embankments in which the conduit is
bedded, with “ ordinary ” care in an earth foundation shaped
to fit the lower part of the condut exterior with reasonable
closeness for a width of at least 50 per cent of the conduit
breadth; and in which the remainder of the condwit is sur-
rounded by granular materials, shovel placed and shovel tamped
to completely fill all spaces under and adjacent to the conduit;
all under the general direction of a competent engineer

3. Fwrst class bedding, is that method of bedding conduits com-
pletely buried in ditches 1n which the conduit is carefully
bedded on fine granular materials in an earth foundation care-
fully shaped to fit the lower part of the conduit exterior for a
width of at least 60 per cent of the conduit breadth, and in
which the remainder of the conduit is entirely surrounded to a
height of at least 1 0 foot above 1ts top by granular materials
carefully placed by hand to completely fill all spaces under
and adjacent to the conduit, and thoroughly tamped on each
side and under the conduit so far as practicable, in layers not
exceeding 0 5 feet 1n thickness; all under the direction of a
competent engineer, represented by a competent inspector con-
stantly present during the operation

3a First class projection bedding, not yet defined

4 Concrete-cradle bedding, is that method of bedding conduits in
which the lower part of the conduit exterior 1s bedded in plain
or reinforced concrete, of suitable thickness under the lowest
part of the conduit exterior and extending upward each side
of the conduit for a greater or less proportion of its height.

I Exter~ar Loaps on Crosep Coxnbpults

The most important external loads on closed conduits result from
the action of gravity. Their components parallel to the conduit axis
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are so relatively unimportant that, for practical purposes, the load
at any point on the exterior surface 13 sufficiently expressed by 1its
vertical and horizontal components acting 1n the perpendicular cross
sectional plane at the point The vertical components of such loads
are usually much greater and more 1mportant than the horizontal
components, and the latter are most conveniently expressed 1n terms
of their ratios to the vertical components.

Hence, the mathematical formulas for computing external loads on
closed conduits most convemently express the vertical load com-
ponents only, leaving the horizontal pressures to be calculated from
their ratios to the vertical loads

The external loads on closed conduits comprise: First, the down-
ward loads, applied usually to the upper portions of the conduit
exteriors, second, the resultant upward foundation pressures, applied
usually to the Jower portions of the conduit exteriors The total
foundation pressure upward is equal to the total load downward

The external loads on closed conduits are of two classes:

First, the loads due to the filling materials placed over and around
the conduits.

Second, the loads transmatied through the filling materials but due
to extraneous super-loads, applied at the upper surface of the fill or at
some lower level higher than the top of the conduit.

Super-loads may be concentrated as in the case of truck wheel
loads, or they may be distributed, as 1n the case of piles of construction
materials at the fill surface. '

ITI Tuar MatinematicaLl Tueory oF Loaps on Crosep Conpults
Due Tto Firr MATERIALS

A. NOTATION

Let B == horizontal breadth of a condutt or ditch, feet
B. = greatest horizontal breadth of a conduit, feet
Ba = horizontal breadth of a ditch at top of condwut, feet
C = condu1t load calculation coefficient, abstract number
Cc = load calculation coefficient for condurts projecting above the
adjacent embankment sub-grade, abstract number
Ca=load calculation coefficient for conduits completely buried 1n
ditches, abstract number

H = vertical height from top of conduit to the upper surface of
the fill, feet




MARSTON—LOADS ON CLOSED CONDUITS 143

Hs = “height of equal settlement,” — vertical height from the
top of the conduit to the level at and above which the fill
materials directly over the conduit settle equally with the
adjacent fill materials, feet

p = the projection ratio, = the ratio of the vertical height of the
top of the condurt above the embankment sub-grade level
to Be, abstract number

Nore —The conduit, projection = pBe.

do==the wncrement of deflection of the condurt (v e, the shorten-
ing of 1ts vertical height), feet

8t = the wncrement of settlement of the condurt foundation, feet

89 == the increment of settlement of the embankment sub-grade,
feet

sm == the increment of settlement of materals adjacent to the
condurt between the levels of the condust top and the
adjacent embankment sub-grade, feet

Nore—d_, 8¢, 8g and sm are the increments due to the addition at

or above the height of equal settlement of any (the same for all)
mcremental, uniform layer of fill materials

7sa = the “ settlement deflection ratio,” abstract number ,

(sm + 89) — (de + s1)

Sm

Tsd =—

Norte —rs4 15 negatie for the “ complete ” and the “ icomplete
ditch condition ”
7sd 15 poslave for the “ complete ” and the “ incomplete projection
condition.”
We == the vertical external load on a closed conduit due to fill
materials, pounds per foot length
w == the umit weight of fill materials, pounds per cubic foot
K = the ratio of actwe horzonial pressure at any pownt in the
fill to the vertical pressure which causes the active hor-
zontal pressure, abstract number
2 —
= V’L—ziu(Rankme’ s formula)
Ve 14
p= the “ coefficient of wnternal friction’
abstract number
# = the “ coefficient of sliding friction >’ between the fill mate-
rials and the sides of the ditch, abstract number

4

in the fill materials,

Nore —p' may be less than g, but cannot be greater

e = 2.7182818 — base of natural logarithms, abstract number
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B. MATHEMATICAL FORMULAS FOR CALCULATING VERTICAL EXTERNAL
LOADS ON CLOSED CONDUITS

MATHEMATICAL [FORMULAS for CALCULATING VERTICAL

Exrernar LoAaps on CLosED ConpouriTs
Ove 7o Fier MareeraLs

The Pollownsy general formukr applies b all commonly encounfered
conadiHons

WoeCwB: ——————————————— - — &

Farmulas (2] and (3) qply fo difch condints® (complelely burred n
ditches excovated b comparaltively possive” and solld motériak)

WeGwlf ——————————————=—-= @)
2k ',

& " ﬁﬁ,(—’?i— ———————————————— o
ku

Formules #),(5), (&) and (9 apply Fo prejeching condnts” (under
embankments and prorectng above the embankrmern! wbyrm'es}
m = c; w 4’ ___________________ (4}
For the ‘complete” difch and proecton  corndifiors
sopu
£ /
C“ - t ZM
For the ‘ncamplefe” difeh ond projecton condilions
#
iy 2 (// M), t2
e & ==l 4 (L2_Lk My — ——
G Lt (f-#)er s @
Nofe 1ty formulos &) and ), use the - sign for the difeh canditions
and the * sign for the projection condifrons.

e ey )

Ror colevloting He in eguation )

e R tpulh = 2 ogurp ) ———————— o
Nofe - equation (7),
use the =, + and = signs for the dikh condifion
uyse the *+ , - and  t signs for the profection condifion

s
i~

For THE “ComtrLeTe” and TNCOMPLETE" OircH CONOITIONS
WiTw Qcrie’ MATERIALS ARJACENT 7@ THE CoNouliT

Ror use in equation @)
_— H_wult) -« . @
mn place of 8)-—-——C = E-M ;) J, complele” difch condifion
e - _ He H)? . .
n ploce of ()-—~ Cc = G (I-2hugl) + /gu(al) 1 ncomplee’ dich @
n ploce of (7)——— é{‘ ‘V—ff ’ “ncomplete“ditch candlition (10)

Figure 1
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C. COMPUTATION DIAGRAMS FOR EXTERNAL VERTICAL LOADS ON
CLOSED CONDUITS DUE TO FILL MATERIALS

The computation of vertical external loads on closed conduits by
formulas (2) and (4), (Figure 1), 13 made very simple and easy
by computation diagrams, from which the values of the calculation
coefficient Ca and C. can be obtained directly instead of by special
computations.

For “ Ditch Condurts” Completely Buried wn Ditches
' We= CawBs* (2)

The values of Ca may be read directly on Figure 2, herewith,
reproduced from Bulletin 47, Towa Engineering Experiment Station,
without special computations by equation (3).

For “ Projecting Conduits ” (Under Embankments and Projecting
Above the Embankment Sub-Grade)

We= CewB¢* (4)
The values of - may be read directly on Figure 3, herewith,

without special computation by equations (5), (6), (7), or (8), (9).
(10), (Frgure 1).

D PHYSICAL FACTORS REQUIRED FOR COMPUTATIONS OF EXTERNAL
LOADS ON CLOSED CONDUITS, DUE TO FILL MATERIALS

Three special physical factors required in using equations (1) to
(10), (Figure 1), are:

1. The coefficient, , of internal friction in the fill material.

2. The projection, pBe, of the conduit above the adjacent embank-
ment sub-grade

3 The settlement-deflection ratio, rss, of the relative settlements
of the embankment sub-grade, the fill materials adjacent to the
conduit, and the condwmt foundation, together with the deflec-
tion of the conduit top.

1. The Coefficient of Internal Friction, p, wn the Fill Material

The values of x for use 1n the formula should be those correspond-
ing to the pulls required to establish slow confinued motion in the
usual laboratory tests (in which bottomless boxes' of the material
are ;pulled over horizontal surfaces of the same material)
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That these are the correct values to use has been clearly proven:
First, by hundreds of comparisons of computed loads with actual
loads on conduits, as determined by actual weighings 1n experiments;
second, by extensive field data of actual conduits whose supporting
strengths are known by laboratory tests

The values of p obtained as above are somewhat of the nature of
the semi-empiric physical factors, or coefficients, so common in
engineering problems.

No laboratory methods for measuring p have yet been devised m
which the pressure conditions 1n actual fills are reproduced with
near approximation In the actual fill, there 1s sufficient time for
important shght movements of the grains of material into positions
of comparatively stable equilibrium, and they apparently are held
1n comparatively stable equlibrium against rolling along the vertical
plane of shipping by the comparatively large vertical pressures which
cause the smaller horizontal pressures which cause the friction. In
the laboratory tests (1n which the plane of shipping 1s usually rotated
90°), the time adjustment of the grains in the actual fill 18 mainly
absent, the major (vertical) pressures of the actual fill are entirely
omitted, the grains along the plane of shpping are 1n comparatively
unstable equlibrium against rolling, and an 1mtial shpping occurs
at a fraction of the true internal friction pull. This phenomenon
has long been known, and was reannounced by the author in Bulletin
31, Iowa Engineering Expermment Station, 1913.

Nore —The above discussion apphes also to u’, the coefficient of shiding friction

2 The Projection, pBe, of the Condust Above the Adjacent
Embankment Sub-Grade

The projection, pBe, has an important effect (see Figure 3) on
loads on ““ projecting conduits ’ (under embankments and projecting
above the embankment sub-grade), though 1t does not materally
affect loads on “ ditch conduits  (completely buried 1n ditches).

In many cases, the ratio p should be regarded as a semi-empirie
physzcal factor, representing the best yudgment of the engineer as to
the characteristic field conditions 1n actual use. Most conduits under
embankments are buried partially, or even entirely 1n ditches which
vary as to depths, widths and side slopes

Whenever practicable, however, p should be determined by actual
measurement, or observation, or from correct field construction notes,
for each structure.
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3 The Settlement-Deflection Ratro, rsa

The settlement-deflection ratio, 7:4, 18 an extremely important
factor affecting loads on “ projecting conduits” (under embank-
ments and projecting above the embankment sub-grade). Tt indicates
correctly the effects of the condwit deflections, the settlement of the
conduit foundations and the embankment sub-grade scttlements, rela-
tive to the yielding of the embankment fill materials adjacent to the
conduwits Loads on conduits under embankments of the same height
are sometimes three times as great for high values of 7. as for low
values. See Figure 3. '

The settlement-deflection ratio 1s a semi-empiric physical factor,
the values of which to use 1n computations must be determined by
comparisons of computed loads on conduits with the actual loads,
as weighed 1n experiments and as estimated for actual conduits by
their supporting strengths as determined by laboratory tests.

A table of values of 7 for different field and conduit conditions
18 under preparation by the Towa Engineering Experiment Station

E. THE HORIZONTAL COMPONENTS OF EXTERNAL LOADS ON CLOSED
CONDUITS DUE TO FILL MATERIALS

Study of hundreds of measurements of actual horizontal pressures
1n granular fill materials, during 21 years of research, has convinced
the author of the reliability of Rankine’s well-known formulas, which
may be stated as follows.

The Actwe horizontal pressure = K X (vertical pressure).

The Passive horizontal pressure »>1/K X (vertical pressure).

g VE+1—e
veEi+ 14w

1 For “ Diutch Condurts” (Completely Buried wn Dilches)

The horizontal pressures against “ ditch conduts ” are wholly de-
pendent on the class of bedding, and are best taken 1nto account by
using conduit supporting strength bedding ratios (see page 168), of
field supporting strength to laboratory test strength

2. For “ Projecting Condurts ” (Under Embankments and Projecting
Above the Embankment Sub-Grades)

(a) For rigud condurts, not injuriously cracked :
Active horizontal pressure equal to K X (vertical pressure)
should be assumed against the projecting conduit sides.
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(b) For semi-rigid conduits-
Somewhat greater active horizontal pressures should be as-
sumed than for rigid conduits.
(¢) For flexible conduats, and for all badly cracked conduits:
The development of passive resistance to elongation of the
horizontal diameters will often cause horizontal pressures equal
to the vertical pressures

Nore —The Iowa Engineering Experiment Station 1s endeavoring to establish,
experimentally, “ moduli of passive resistance,” per inch elongation of horizontal
diameter, for different materials and classes of conduits

IV. Tue MaruemaTicar THEORY oF Loaps oN Crosep CoNDUITS
Due Tto Surer-Loaps

A. NOTATION

Let A = length of a section of a closed conduit, feet
a = area of each elementary area into which the conduit top
18 divided for computation purposes, square feet

Nore—The vertical loads on the tops of eylindrieal and
arched conduit tops, due to super-loads, are substantially equal
to the vertical loads, due to super-loads, on the projection of the
condurt section upward on the hornizontal plane tangent to the
conduit top Hence, the elementary areas, a, may be taken n
this “ conduat top honizontal plane projection”

B, = the greatest horizontal breadth of the condut, feet
Bs= the horizontal breadth of a ditch, at top of conduit, feet
C't = calculation coefficzent for vertical loads on conduit tops
due to concentrated super-loads, abstract number
Cus = calculation coefficient for vertical loads on the top of
‘“ datch conduits ” (completely buried in ditches), due
to umformly distributed super-loads, abstract number
H = the vertical height from the level of the condut top to
the level of the point or area of application of a super-
load, feet
H, = the slant hewght from any point z, y 1n the conduit top
horizontal plane projection to the point of application
of a concentrated super-load, feet
z and y = the rectangular coordnates of any point z, ¥ in the con-
duit top horizontal plane projection, with z parallel
and y perpendicular to the condmit axis, feet
I, = 1mpact coefficient for the calculation of impact loads on
conduit tops, due to moving concentrated super-loads,
abstract number
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B. MATHEMATICAL FORMULAS FOR CALCULATING VERTICAL EXTERNAL
LOADS ON CLOSED CONDUITS DUE TO SUPER-LOADS

MaTweEMATICAL FORMULAS for CALCUATING VEPTICAL

ExTernar LoAps on CLOSED CONOUITS
Oue 70 Suree-Loaos

Syper-toads may be clossifred as
! Concentrofed suyper-loads such as wheel loods

Note - Distributed syper-loads may be treofed as o series of
carcentrated suyper-loads cpplied af the cenfer of small elementery erecs

2 Un/fbrmy distribwted syper-foads,

CALCULATION FORMULAS for VErTicaL LoAaps on Covourrs
Oue To CONCENTRATED SurPER-LOADS

Woeh LGT ~———————-———m 0
Note - [z = loe for sfalic -loods
L=/$0 lolowo for wies! loods moving 20 mph
G- azi‘:-,: ,‘Z; (scmmation formok) ~———————— 02)

]/ §efen
or; =/--’-[5//7"/I T e _}T‘JA‘L -.—’—f—lL]-—-(li
, G5 (&en)(§ ) ) o g ot (9'”‘ i""‘)
Note - Eguation (3) 15 Mhe infegration formule for G,
and Is more occurate then equalon 72)
CaLcutATion Formutas [far VERTICAL Lomos o Cowourrs

DuE 70 UnviFormLy OISTRIBUTED SUPER -L0ADS

For Titch conduts” (completely burted n difehes)

We=684-—-——————————————————- )
oty o4
For projecting conduts” (urder embankments, and project’ bovee Ha
gmbaﬂkm'zn% svb-grodes) s pryelng ot e

7he lood on o projecting condiit’ die fo o uifarmly distribuled syper-
ad, Y, applied of or cbove the /754/;/ of egual settlement, wil
be the same as tho! dve fo on oddifional kayer of f1ll malerols
weig/nng b per squore foof

Figure 4
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T = a concentrated super-load, pounds
U:,=a uniformly distributed super-load, pounds per square
foot
Wus = the average total vertical load on a section of a closed
condmit, due to a uniformly distributed super-load U.,
pounds per Imnear foot
W: = the average total vertical load on a section of a closed
condmit, due to a concentrated super-load 7', pounds
per linear foot
K = ratio of active horizontal pressure at any point in the
fill material to the causal vertical pressure, abstract

number
Vet +1—p
K= m%“—‘l—_*_#(Rankme’s formula)
p = coefficrent of internal friction of the fill material, abstract
number

w = coefficrent of sliding friction between the fill material and
the s1des of a ditch, abstract number

x— 3 14159 — the ratio of a circumference of a circle to its
diameter, abstract number

C. COMPUTATION DIAGRAM AND TABLE FOR EXTERNAL VERTICAL LOADS
ON CLOSED CONDUITS, DUE TO SUPER-LOADS

The computation of vertical external loads on closed conduits by
formulas (11) and (14) (Figure 4) 1s made very simple and easy
by a computation diagram, for formula (11), and a computation
table for formula (14), from which the values of the calculation
coefficients €'+ and Cus can be obtained directly instead of by special
computations.

For Concentrated Super-Loads
We=1/A1.C:T (11)
The values of C+ may read directly from computation diagrams,
of which Figure 5 18 a sample
For Loads on Conduits in Ditches, Due to Uniform Super-Loads U.

Wus——'—OusBdUa (14)

The values of, Cus may be taken directly from Table 1, herewath,
reproduced from Bulletin 31, Jowa Engineering Experiment Station,
1913.
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TABLE 1
SarE VALUES oF Cus T Use 1IN Formura (14)
Sand and Damp Saturated
H/Ba dm:o% ltop s:ot;:l :ﬁd y:llx];;w y:}‘l‘;w H/Bs
00 100 100 100 100 00
05 085 086 0.88 0.89 05
10 072 075 077 0.80 10
15 061 064 067 072 15
20 052 0.55 0.59 064 20
25 044 048 0.52 0.57 25
30 037 041 045 051 30
40 027 031 035 041 40
50 019 023 027 033 50
60 014 017 020 026 60
80 007 009 012 017 80
100 004 005 007 011 100

V. TerE CHARACTERISTICS OF L0oADS DUE TO OR TRANSMITTED BY
GraNULAR FiLr MATERIALS

The mathematical theory of external loads on closed conduits, as
presented on pages 142 to 154, applies to loads due to or transmtted
by granular fill materials. Such loads have certain characteristics
which must be clearly understood in applying the mathematical
theory correctly.

1. Loads due to or transmitted by granular fill materials vary greatly
with variations in the properties of the materials; as to weight,
settlement, moisture, temperature, internal friction and co-
hesion.

2. Formulas (1) to (15), of the mathematical theory of external
loads on closed conduits, with proper selection of the physical
factors ., p and s, give the ultvmate limiting loads, to which
any particular conduit may be subjected eventually ; and which,
on the other hand, any particular conduit may escape for a long
time, sometimes until 1ts removal for other causes than load
failure. See Figure 6, reproduced from Bulletin 79, Towa
Engineering Experiment Station, 1926. (Cooperative with the
U. S Bureau of Public Roads).

3. The external loads on closed conduits vary greatly with time.
In 7 experiments at Ames, Iowa, daily observations over pe-
riods of 3, 73, 8, 24, 24, 24, and 28 months, respectively, have
proven that loads on conduits measured soon after the com-
pletion of the fill over them should be increased 20 to 25 per
cent to allow safely for the ultimate loads which would be
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found 1f the observations were extended to cover a period of
several years See Figure 7, reproduced from a forthcoming
bulletin of the Iowa Engineering Experiment Station (Co-
operative with the' U. S. Bureau of Public Roads).

Field Observations of cracked conduits show that such cracks
often develop months or even years after construction

|
A THE HEIGHT OF EQUAY, SETTLEMENT IN EMBANKMENTS OVER CLOSED

CONDUITS

The key to the mathematical solution of the theory of loads on
‘“ projecting conduits” (under embankments and projecting above
the adjacent embankment sub-grade), 1s the discovery and publication
by the author, 1n 1922, of the existence and the method of computation
of the ‘““height of equal settlement,” at and above which, in the
‘“incomplete ” ditch and projection conditions, all additional uniform
horizontal layers of embankment materials settle equally 1in and on
each side of the vertical prism of fill materals directly over the
conduit

Below the height of equal settlement, the horizontal layers of fill
material each side of the vertical prism over the conduit, settle, less
in the “incomplete ditch condition ” and more in the “incomplete
projection condition,” than the fill materials originally at the same
level 1n the prism over the conduat.

The existence of the ‘“ height of equal settlement ” was discovered
and first announced by the author on purely mathematical grounds.
There are many difficulties 1n the way of measuring the actual settle-
ments at different points in the interiors of embankment masses,
which, however, have been overcome by very ingenious apparatus
devised by the staff of the Jowa Engineering Experiment Station.
The actual existence of the height of equal settlement 1s now amply
verified by many actual measurements, made during a period of years,
of the actual settlements at different points 1n embankment 1nteriors.

Such measurements are 1llustrated by Figure 8, reproduced from a
forthcoming bulletin of the Iowa Engineering Experiment Station
(Cooperative with the U. S Bureau of Public Roads).
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VI VeriFicaTioN oF THE MATHEMATICAL THEORY OF EXTFRNAL
Loaps on Crosep Conpuirs, BY EXPERIMENTS AND BY
FierLp OBSERVATIONS

The mathematical theory of external loads on closed conduits, as
presented 1n equations (1) to (15) (Figures 1, 4), has been verified
1n the amplest manner: ‘

First, by actually weighing the loads on full size conduit
sections, in experiments which doubtless have cost more than
$150,000, at Ames, Jowa, and elsewhere, and which at Ames,
lowa, have extended continuously for 18 years and are still 1n
progress.

Second, by extensive and expensive failures and partial fail-
ures, of conduits 1n service, by injurious cracking and sometimes
by collapse. Many such failures have been investigated, and
they have been found to verify the mathematical theory Im-
portant changes 1n drainage, sewerage and culvert engineering
practice are now developing to make safe practice conform
to this theory.

Third, by extensive field examinations of actual conduits in
service, some sound and others cracked Most cracked conduits
do not collapse, but many cases have been found of objectionable
deformation, and a number of cases of collapse

A EXPERIMENTAL AND FIELD VERIFICATION OF TIHE THEORY OF
EXTERNAL LOADS ON CLOSED CONDUITS IN DITCHES
(se=E EquUaTIONS (2) aND (8) (FIGURE 1)

The theory of external loads on “ ditch conduits” (completely
buried 1n ditches) has been verified in the amplest manner by the
experiments and other researches of the Iowa Engineering Exper:-
ment Station at Ames, Towa, from 1908 to 1929, still continuing
The theory 1s also verified by Barbour’s experiments at Boston, Mass ,
m 1897 *

The theory of external loads on “ ditch conduits” has also been
verified 1n the amplest manner by actual experience with sewers,
drains and culverts in use The best sanitary engineers are now
more and more coming to require concrete cradling of pipe sewers
and drains wherever the author’s theory indicates danger of injurious
cracking by the computed loads.

The author’s theory has been republished 1n highly condensed form
in several standard textbooks on sewerage and drainage.

* Journal of Association of Engineering Societies, Vol 19, Dec, 1897
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B. EXPERIMENTAL AND FIELD VERIFICATION OF THE THEORY OF EX-
TERNAL LOADS ON “ PROJECTING CONDUITS ’ (UNDER EMBANK-
MENTS AND PROJECTING ABOVE TIE ADJACENT EMBANKMENT
SUB-GRADE) (SEE EQUATIONS (4) 1o (15) (FiGurrs 1, 4)

1 Ezperimental Verification

The mathematical theory of external loads on closed conduits under
embankments, and projecting above the adjacent embankment sub-
grade, has been verified in the amplest manner by the following
experiments:

Towa Engineering Expervment Station, Ames, Iowa, 1917 to
1929, still continung Actual weighings were made of the
total loads on pipe culverts, of 9, 24, 36 and 42 inches inside
diameters, under embankment fills of heights above the tops of
the pipes up to 4 feet for the 9 inch, 10 feet for the 24 inch,
and 15 feet to 20 feet for the 36 and 42 1nch culverts The fill
materials have mcluded top-soil, sand, and gravel, weighing 96
to over 130 pounds per cubic foot. The culverts have included
thin smooth steel, corrugated metal, cast iron, clay, plamn con-
crete, reinforced concrete, and wood staves on steel forms. Since
1925, the experiments have included measurements of the settle-
ments at various points on the embankment sub-grades and 1n
the nteriors of the embankments, as well as of the deflections
of the culvert tops and the settlements of the culvert foundations

The experiments have covered ranges of the settlement-
deflection rati0, 7s4, from — 3 0 to + 1.0

In all the experiments, the fofal load was weighed In all
cases except the 9 inch and the 24 mch culverts, the fotal load
on each of several sections of each culvert was weighed. Many
measurements of horizontal pressures have been made.

Regular weighings of the loads and other observations have
been continued 3 months to 24 months after the completion of
the embankment fills in the different experiments, and are still
continuing for 3 culverts which have already been under observa-
tion 24 months.

All the Ames culvert tests have been for approximately 90
per cent projection (p==1090).

The Iowa Engineering Experiment Station experiments verify
the mathematical theory stated in this paper in the most complete
manner.
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American Ralway Engineering Association Roadway Com-
mattee Culvert Load Tests at Farwna, IIl,* 1925 to 1927.
Measurements by Goldbeck-Smith pressure cells were made at
different points on the circumferences of 6 corrugated pipe
culverts 1-24, 4-42, and 1-48 1nches diameter, under 6 0 to 34 9
feet height of embankment, with similar measurements for a
24 1nch by 27 inch concrete culvert under 32 2 feet height of
embankment and a 42 inch cast iron culvert under 34 2 feet
height of embankment The projection of the culverts was ap-
proximately 90 per cent (p =090) The total loads were not
weighed

In 1928 the committee published the theory of culvert
loads ” which 1t considered would explain its observed pressure
data The committee stated 1n this publication that, for “ Type
17 culverts (r1g1d and semi-rigid), “ the above theory, with a
few shight changes 1n nomenclature, has been taken from various
bulletins and papers by Dean Anson Marston ” For “ Type IL”
culverts (flexible), the commttee repeated, with due credit to
Dean Anson Marston, his solution for the case of a culvert
actually buried 1n a ditch In consultation with Dean Marston,
and acting on a suggestion made by him, the committee worked
out and published a modification of Dean Marston’s solution for
the ¢ incomplete ditch condition,” to apply to the flexible culverts
n therr experiments

Thus the Farina experiments verify, 1n a general way, the author’s
theory presented 1n this paper.

University of North Carolina Culvert Load Tests, 1924-1927
The University of North Carolina, Chapel Hill, North Carolina,
has conducted valuable culvert load tests 1n two series

First Series,t 1924-1926 Three tests were made with 30
1nch cast 1ron culvert pipe sections (32 inches outside diameter),
projecting 50 per cent above the embankment sub-grade In the
first test, the embankment was of sand, 20 feet high; 1n the
second, of clay 14 feet high, and 1n the third of clay, 11 feet
high. In the third test, at the height of 4 feet a ditch was dug
over the pipe and refilled with loose material, following a plan
tried at Ames, in 1920, to establish an artificial ditch condition.
All embankments were protected during construction by tar-

* See page 794, Vol 27, 1926, Proc A R E A, and page 527, Vol 29, 1928,
Proc AREA
1 See Public Roads, Vol 7, No 11, January, 1927, for full report

6
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paulins from rain The first and second embankments were
removed promptly after completion The third was continued
1 place from February, 1925, to May, 1926, but doubtless with-
out real penetration of mosture through the clay cover to the
ditch 1mmediately over the pipe, for the load decreased (as
transfer of load to the sides of the ditch might occur through
the development of cohesion 1n the clay) to August, 1925, and
the later increase had not yet exceeded or even reached the
original load, up to the date of removal in May, 1926

Second Series, 1926-1927. In the second series of tests, six
30-inch culverts, with 100 per cent projection, and respectively
of smooth ingot iron, corrugated pipe, steel tube, cast iron pipe,
reinforced concrete pipe, solid concrete plug, were tested suc-
cessively on the same load weighing apparatus, under sand
embankments 12 feet high above the culvert tops, protected
during construction from rainfall and removed promptly after
completion. No full report of these tests has been published,
but a preliminary partial report has been published 1n the
Proceedings of the Sixth Annual Meeting of the Highway Re-
search Board, Decembér 2-3, 1927, and the author 1s informed
that the complete final report 1s to appear immediately

In all the North Carolina culvert load tests, the total loads
were weighed by reliable apparatus, and the results are of great
value.

However, as already explained (sce p. 154), the ultimate loads
on conduits under embankments are practically always at least
20 per cent to 25 per cent greater than the loads observed im-
mediately on completion of the embankments over them, and
additions of 25 per cent should be made to the North Carolina
culvert load test results on this account

The data already published are not sufficient to enable a compa'rlson
of the loads measured with those computed by the author’s theory,
except in the case of the “ ditch condition ” culvert in the first series,
and the concrete plug 1n the second series In both these cases the
observed loads closely support the formulas of the author’s theory
Moreover, the load curves of the other tests already published are of
such character that 1t 18 plainly evident that they conform closely to
the curves of the author’s theory, with suitable values of the settlement
deflection ratio, 7sq, treated as a sem1-empiric physical factor.



MARSTON—LOADS ON CLOSED CONDUITS 163

2 Verification by Field Experience

The mathematical theory of external loads on closed conduits under
embankments, and projecting above the adjacent-embankment sub-
grades is also verified amply by field experience with actual culverts

In actual culverts many cases of injurious cracking or deforma-
tion have been encountered : a number of extensive field examina-
tions of culverts have accumulated a mass of data on such cases

Upon comparison of the loads computed by the author’s formulas
with the known or probable supporting strengths of the culvert pipes
used, 1t 18 found that the observed facts can readily be harmonized
with the theory.

VII Tue Larest Croskp ConpuiT Loap EXPERIMENTS

Mr. M. G Spangler, of the staff of the Iowa Engineering Experi-
ment Station, 1s conducting tests of three culverts, of 44 inches outside
diameter, 25 feet apart under the same sandy loam top soil embank-
ment, 15 feet high above the tops of the culverts, which are respec-
tively of reinforced concrete, cast iron and corrugated metal. Exten-
sive observations are being made of the settlements at a number of
points on the embankment sub grades and in the interior of the em-
bankment at different levels These culverts have already been under
observation for two complete years, and the work 1s continuing
Most valuable results have already been secured Figures 7, 8, 9, 10,
and 11 are all from Mr Spangler’s last progress report, which 1s to
be published soon as a cooperative bulletin of the U S Bureau of
Public Roads and the Iowa Engineering Experiment Station

Mr Spangler 1s also continuing the cooperative investigation of
the ratio of the actual supporting strength of rigid pipe culverts to
their laboratory test strengths with standard 3-edge bearings See
cooperative bulletin 76 (1926) Iowa Engineering Experiment Sta-
tion and U. S Bureau of Public Roads Seven more embankments
have been erected and six removed since 1926 The latest results
support a ratio of about 2.25

Mr. W. J. Schlick, also of the Iowa Engmeering Experiment
Station Staff, 1s conducting a series of cooperative experiments, par-
tially financed by the Clay Products Association, Chicago, Illnos,
upon the loads on sewer pipes in wide ditches, with vertical and with
sloping sides.

His results verify the principle announced in 1913, in
Bulletin 31, Iowa Engineering Experiment Station, that the
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load on a sewer pipe 1n a ditch with sloping sides 18 the same as
1n a vertical sided ditch of wadth equal to the width 1n the sloping
sided ditch at the level of the top of the pipe

Mr Schlick finds that:

(1) The “ diteh formula ” (2) (Figure 1) gives the correct loads
for wadths of ditch not greater than Ba=— 14Be..

(2) The “ projection ” formula (4) (Figure 1) gives the correct
loads for widths of ditch greater than Bs==8B..

(8) For widths of ditch between 14B. and 3B, the values of
H and of r.a affect the decision between formula (2) and formula
(4), 1n accordance with a table which Mr Schhick 18 preparing.

i\
VIIIL. Tre THEORY OF THE SUPPORTING STRENGTH OF PIPE
ConNpUITS

In desigming conduits to carry safely the loads to which they will
be subjected 1n use, 1t 1s necessary to know, 1n advance, both the load
and the supporting strength of the conduit

The supporting strengths of condwit pipes can be determined 1n
advance only by laboratory tests, but the laboratory test strengths in
general are not the same as the supporting strengths of the pipe 1n
actual structures, because of the differences in the distribution of the
pressures on the pipe

The actual distributions of the normal pressures around the three
experimental culverts 1n the experiments at Ames, Towa, are shown
n Fagures 9, 10, and 11, herewath

Laboratory tests should be made wath,

(1) A 8 T. M. Standard “Sand Bearings”
(2) A S T M Standard “ 3-edge Bearings”’

et Sep = “ sand bearing ” laboratory strength, pounds per foot
length

Ser = “ 3-edge bearing” laboratory strength, pounds per foot
length

Notatwon for Laboratory and Supporting Strengths

For “ Ditch Conduats” (Completely Buried wn Ditches)

Smo = Supporting strength, “impermissible bedding,” pounds
per foot length
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Ses = Suppor ting strength, ¢ ordinary bedding,” pounds per foot

length

Se» = Supporting strength, ¢ 1st class bedding,” pounds per foot
length

Sece == Supporting strength, “concrete-cradle bedding,” pounds
per foot length.

For “ Projecting Condurts” (Under Embankments and Projecting
Above the Embankment Sub-Grades)

Sops = Supporting strength, ordinary projection bedding,”
pounds per foot length

A THE RELATION OF ACTUAL SUPPORTING STRENGTHS TO LABORATORY
TEST STRENGTHS FOR ‘ DITCH coNDUITS > (COMPLETELY
BURIED IN DITCHES)

By several years of experiments, partly cooperative with the
U S. Bureau of Public Roads, The Towa Engineering Experiment
Station has established the following relations between laboratory
test strengths of conduit pipes and the actual supporting strengths
of equivalent pipe used 1n conduits 1n ditches.

For “ impermissible bedding,” Sms = 0.75 Seo =1.12 Se»

For “ ordinary bedding,” Sov =100 Sep = 1.50 Ses.

For “ 1st class bedding,” Seco =1.25 Seo =187 So»
- (1.50) (2.25)

For  concrete-cradle bedding,” Sco = (to) Ssv = (to) Seo.
(2 25) (337)

B THE RELATION OF ACTUAL SUPPORTING STRENGTHS TO LABORATORY
TEST STRENGTHS FOR “ PROJECTING CONDUITS ”’ (UNDER EMBANK-
MENTS AND PROJECTING ABOVE THE EMBANKMENT SUB-GRADE)

In several years experimentation, cooperative with the U 8
Bureau of Public Roads, the Iowa Engineering Experiment Station
has determined the ratio between laboratory test strengths and actual
supporting strengths, of 90 per cent projection culverts with “ ordi-
nary projection beddings,” m 9 cases of 36 inch clay and concrete
culverts These seem to justify the relation (still somewhat tentative) .

For “ ordinary projection bedding,” Sopp = 1.50 Sso == 2 25 Sev.
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research work connected with the development of the theory of loads
on conduits presented i1n this paper A detailed statement will be
made 1n the near future, 1n a forthcoming bulletin of the Iowa
Engimeering Experiment Station, of the assistance rendered 1n each
case In this paper there 1s room only to give, in approximately
chronological order, the foljowing list of names.

1 A. O Anderson 14 M G. Spangler

2 F. M. Okey. 15. J. C. Everds )

3 H. W. Wagner. 16 J W. Johnson.

4. A. N. Talbot 17 D G. Mller.

5 R W. Crum. 18 E B. Smith

6 H F Clemmer. 19 Geo E Shafer, A R.E A Comm
7. W J Schhck. 20 D. L. Holl
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11 Bert Myers 24 U. S Bureau of Public Roads

12 Mark Morris. 25 lowa State Highway Commission
13. Robley Winfrey. 26 Clay Products Association

At this point the writer wishes to make special mention of the
assistance rendered by Mr George E Shafer in developing the theory
for the incomplete ditch condition, Mr Robley Winfrey and Mr M G
Spangler 1n research work connected with the theory of loads due to
concentrated super-loads, including Equation 13, to Mr W J Schlick

1n connection with the theory of supporting strength of pipe culverts,
and to the U S Bureau of Public Roads

APPENDIX B
PUBLICATION OF THE THEORY OF LOADS ON CONDUITS

The publication of the theory of loads on conduits has been made
10 successive stages 1n several papers, progress reports and bulletins,
including the following:

1 Marston, Anson Standard Tests for Dramn Tile and Sewer
Pipe. A S. T M. Proc 11:833-844, 1911.

2 Marston, Anson Report on Standard Tests and Specifications
for Drain Tile (Commuttee C-6 Report) A. S T M. Proc
13:303-312, 1913

3 Marston, Anson, and Anderson, A. O The Theory of Loads on
Pipes 1n Ditches and Tests of Cement and Clay Drain Tile
and Sewer Pipe. Ia Eng. Exp. Sta Bul 31, 1913,
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11.

12.

13.

14.

15.

16.
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Marston, Anson, Chr., and Stewart, J. T, Sec. Report of the
Investigations on Drain Tile of Committee C-6 on Standard
Tests and Spectfications for Drain Tile American Society
for Testing Materials. Bul. 36, Ia Eng Exp Sta, 1914,

. Marston, Anson Report on Standard Tests and Specifications

for Drain Tile. (Committee C-6 Report) A S. T. M Proc
14: pt. 1:208-212, 1914.

Crum, R W. Failure of a 30-nch Tile Drain at Albert Lea,
Minn. A. S. T. M. Proc 17:453-463, 1917.

Marston, Anson, Schlick, W. J., and Clemmer, H ¥ The Sup-
porting Strength of Sewer Pipe 1n Ditches and Methods of
Testing Sewer Pipe i Laboratories to Determine Their
Ordinary Supporting Strength Towa Eng Exp Sta Bul 47,
1917,

Schlick, W. J. An Investigation of Tests of Towa Shale Drain
Tile. Ia. Eng. Exp Sta Bul 49, 1918.

Schlick, W. J. Supporting Strength of Drain Tile and Sewer
Pipe Under Different Pipe Laying Conditions Ia. Eng Exp.
Sta Bul 57, 1920.
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Report, 1922.

Marston, Anson Culvert Research Report to the Advisory Board
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284-291, 1925.
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mental Determinations of Static and Impact Loads Trans-
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