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I ScopK O F APPLICATION A N D DEFINITIONS 

Working over a period of about twenty-one years, and assisted at 
different times by several persons,* the author of this papei has devel­
oped, and from time to time publishecJJ- in 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 is supported strongly, and with remarkable unanimity: 
First, by aU 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 mains, telephone conduits and underground steam 
mams; of aU 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 plain 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 
pipe, and bored wood pipes. 

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

1. Rigid conduits, 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 reinforced concrete masonry or 
pipes, or of burnt clay pipes 

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

* See Acknowledgments, Appendix A 

t See L i s t of Publications of the Theory of External Loads on Closed Conduits, 
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 conduits. 

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

As to field constiuction conditions affecting external loads, closed 
conduits may be classified as: 

1. Ditch conduits, completely buried in ditches excavated m com­
paratively solid and meit materials 

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

The field construction conditions affecting external loads on pio-
jecting conduits may be classified as: 

1 The ditch condition, a typical case of which is a very flexible 
culvert proj'ectmg above the sub-grade under a low embankment 

2 The incomplete ditch condition, a typical case of which is a very 
flexible culvert projecting above the sub-grade under an embank­
ment of considerable height 

3 The incomplete projection condition, a typical case of which is 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 is a rigid or 
semi-rigid culvert projecting above the sub-grade under a low 
embankment 

N O T E—T h e r e are some minor modifications of the above four main 
classes 

Field construction conditions affecting supporting strengths of 
closed conduits may be classified as follows 
1 Impermissible bedding, is that method of bedding conduits in 

which materially insufficient care is 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. 

2 Ordinary bedding, is that method of bedding conduits completely 
buried m ditches in which the conduit is 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 conduit breadth; and in which the 
remainder of the conduit is surrounded to a height of at least 
0 5 feet above its 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 Oidmary projection bedding, is that method of bedding pro­
jecting conduits under embankments in which the conduit is 
bedded, with " ordinary " care m 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 conduit 
breadth; and in which the remainder of the conduit 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. First class bedding, is that method of bedding conduits com­
pletely buried in ditches m 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 its 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 m 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 is 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 I E x T E E N A x LOADS O N CLOSED CONDUITS 

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 is sufficiently expressed by its 
vertical and horizontal components acting in the perpendicular 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 most conveniently 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 lower 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 transmitted through the filling matenals hut 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 m the case of truck wheel 
loads, or they may be distributed, as m the case of piles of construction 
materials at the fill surface. i 

I I I T H E MATHEMATICAL THEORY O F LOADS O N CLOSED CONDUITS 

D U E T O F I L L MATERIALS 

A . N O T A T I O N 

Let B = horizontal breadth of a conduit or ditch, feet 
Bo = greatest horizontal breadth of a conduit, feet 
Bi = horizontal breadth of a ditch at top of conduit, feet 
C = conduit load calculation coefficient, abstract number 

Ce = load calculation coefficient for conduits projecting above the 
adjacent embankment sub-grade, abstract number 

Ci = load calculation coefficient for conduits completely buried in 
ditches, abstract number 

H = vertical height from top of conduit to the upper surface of 
the fill, feet 
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• " 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 conduit above the embankment sub-grade level 
to Be, abstract number 

N O T E — T h e conduit projection = pBe. 

do = the increment of deflection of the conduit (i e , the shorten­
ing of its vertical height), feet 

Sf = the increment of settlement of the conduit foundation, feet 
Sg = the increment of settlement of the embankment sub-grade, 

feet 
Sm = the increment of settlement of materials adjacent to the 

conduit between the levels of the conduit top and the 
adjacent embankment sub-grade, feet 

N O T E — d c , s f , sg and sm are the increments due to the addition at 
or above the height of equal settlement of any (the same for all) 
incremental, uniform layer of fill materials 

rsd = the " settlement deflection ratio," abstract number » 
(Sm -i- Sg) — (do + S f ) 

Sm 

NOTE —rad is negative for the " complete " and the " incomplete 
ditch condition " 

r»d IS positive 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 

V) = the unit weight of fill materials, pounds per cubic foot 
K = the ratio of active horizontal pressure at any point in the 

fill to the vertical pressure which causes the active hori­
zontal pressure, abstract number 

jg- _ ^^^^^tizZ^/Rankine's formula) 

fi = the " coefficient of internal friction " m the fill materials, 
abstract number 

/ = the " coefficient of sltdmg friction " between the fill mate­
rials and the sides of the ditch, abstract number 

NOTE—n' may be less than n, but cannot be greater 

c = 2.7182818 = base of natural logarithms, abstract number 
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B . M A T H E M A T I C A L F O R M U L A S FOB. C A L C U L A T I N G V E E T I C A L E X T E R N A L 

LOADS ON C L O S E D CONDUITS 

MATH£mT/CAL Fo/^MUL/IS for C/ILCOLAT/m Vejer/c/tL 

Exr£/?NAL LOAPS on CLOS£P CoA/oa/TS 
Due: l b HLL MATCPMLS 

The fbllovtring genera/ fonvv/b app/ies h all commonly encoonkr^d 
cont/iHons 

iVc'CwS^ 0) 
RyTnu/as (!)ond(3) ^pply fo 'dilch condbih' (complefely buried in 

dilch&i excoi^fed h eomparafi^'ey 'passiife' and solid mofenals) 
Wc ' CjwEl/' It) 

o - - t ^ (3) 

Formuhs (l),(S), (6), and (?) apply /o'pnyecfing cofx/uifs' (under 
embankmenfs and firojechnj aboi^e fhe embantmenf sobjradesj. 

(4) kVc ' Cc tvBt^ 
/&/- /Af 'complefe' dikh and pnyecfion condifions 

Cc (s) 

For fhe 'ncomple/e' difch andpnyecfion condi/rons 

Able - In /ormulas 0) and (t), use Ihe - stgn for fhe difctt conditions 
and ffie * sign for fhe pro^ecfion cond/fions. 

far ca/cv&ifing Hg in e^aafion &) 

e^^ifil^M^ 'tzii^r^p*! M 
Nofe -fr) ejuaflon (7), 

use Ihe - , * and - signs for fhe difcfi con^ifion 
uie ffie + , - and * signs for fhe projecfion eondifion 

^be THE 'COMR-ETE' and "/NcoMPLcre' DITCH CONOITIONS 
WITH "ACTHIT' J^ATceiALS Aar/tce^NT 7p 7HC CONDUIT 

for use In e^afion (4) 

mphceoffi) ^ " ^ - ^ ( j j ' 'complete'difch condition (s) 

m place of (6)—~ Cc - 4il-^kyii f ) / W # / ' 'incomptefe-ditch (i) 
condition 

1 place of (I) ^ 'mcomplefe'ditch condition {10} 

Figure i 
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C . C O M P U T A T I O N D I A G E A M S F O K E X T E R N A L V E E T I C A L LOADS ON 
C L O S E D CONDUITS D U E TO F I L L M A T E E I A L S 

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

For "Ditch Conduits" Completely Buried m Ditches 

Wc = CiwBi' (2) 

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

For " Projecting Conduits " (Under Embankments and Projecting 
Above the Embankment Sub-Orade) 

Wc=CcwBc' (4) 

The values of Co may be read directly on Figure 3, herewith, 
without special computation by equations (5 ) , (6 ) , (7 ) , or (8 ) , ( 9 ) . 
(10) , (Figure 1) . 

D P H Y S I C A L F A C T O R S R E Q U I R E D F O R C O M P U T A T I O N S O F E X T E R N A L 
LOADS ON C L O S E D CONDUITS, D U E TO F I L L M A T E R I A L S 

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

1. The coefficient, /x, of internal friction in the fill material. 
2. The projection, pBc, of the conduit above the adjacent embank­

ment sub-grade 
3 The settlement-deflection ratio, r»d, of the relative settlements 

of the embankment sub-grade, the fill materials adjacent to the 
conduit, and the conduit foundation, together with the deflec­
tion of the conduit top. 

1. The Coefficient of Internal Friction, t^, m the Fill Material 

The values of /* for use in the formula should be those correspond­
ing to the pulls required to establish slow continued motion in the 
usual laboratory tests ( in which bottomless boxes* of the material 
^re-puUed over horizontal surfaces of the same material) 
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COMPUTATION DMise/^M 

LoAPS ON 'DITCH CONDUITS' 
^ (Compklely Buried m Difches) 

i 

t J 4 
tiblues of Coeficienf - ^ 

load per Unlf of Ungth, t1( • C^tr^' (roof -/hund IMIh) 
HI 'Uhil Weighf of fill Mafena/s 
8j • Breod/h of Pitch at the Top of Conduif 
H - Height of f i / l otvr Top of CcfK&»f 

Figure 2 
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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 in experiments; 
second, by extensive field data of actual conduits whose supporting 
strengths are known by laboratory tests 

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

No laboratory methods for measuring /t have yet been devised in 
which the pressure conditions i n actual fiUs are reproduced with 
near approximation I n the actual fiU, there is sufficient time for 
important slight movements of the grams of material into positions 
of comparatively stable equilibrium, and they apparently are held 
in comparatively stable equilibrium against rolling along the vertical 
plane of slipping by the comparatively large vertical pressures which 
cause the smaller horizontal pressures which cause the friction. I n 
the laboratory tests ( i n which the plane of slipping is usually rotated 
9 0 ° ) , the time adjustment of the grains i n the actual fill is mainly 
absent, the major (vertical) pressures of the actual fill are entirely 
omitted, the grams along the plane of slipping are m comparatively 
unstable equilibrium against roUmg, and an initial slipping occurs 
at a fraction of the true internal friction pull. This phenomenon 
has long been known, and was reannounced by the author m BuUetm 
31, Iowa Engineering Experiment Station, 1913. 

NOTE —The above discussion appbes also to fi', the coefficient of sliding friction 

2 The Projection, pBc, of the Conduit Above the Adjacent 
Embankment Sub-Orade 

The projection, pBo, has an important effect (see Figure 3) on 
loads on " projecting conduits " (under embankments and projecting 
above the embankment sub-grade), though it does not materially 
affect loads on " ditch conduits " (completely buried in ditches). 

I n many cases, the ratio p should be regarded as a semi-empiric 
physical factor, representing the best judgment of the engineer as to 
the characteristic field conditions in actual use. Most conduits under 
embankments are buried partially, or even entirely in 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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COMPUTATION DMSFAM 
fee 

ExT£i?N/tL LOADS ON P/^OJ-ECT/A/S CoNoufTs 
[Under Fmbanlrmenfa and f^Jecfmj aboi^ ffie rmbankmenf S/l^nd^) 

i^/ues of Coeffieienf - Cc 
3 4 S i 7 

t ~ 7 

z 

3 4 S 6 7 
Wues of Cotfficienf -Cc 

Load per unit of Lenolfi - IVe • CttrBc' fTeof-fband (Jhifs) • 
ly • Unit Weighf of fit/ Maferia/s Be • Sreafesf IVidfh of Condwf 

pBc-f^ecfioi? oboi''e Subgrade r^/> * Seftfemenf-Def/ecf/on/Sifio 

A/ofe - Broken Lines eii^e /afues of d fi>r 'Acffye' /^aferiaU 
/l/or^sidli f/re Conifuif 

Figure 3 
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3 The Settlement-Deflection Ratio, rsd 

The settlement-deflection ratio, rsd, is an extremely important 
factor affecting loads on " projecting conduits " (under embank­
ments and projecting above the embankment sub-grade). I t indicates 
correctly the effects of the conduit deflections, the settlement of the 
conduit foundations and the embankment sub-grade settlements, rela­
tive to the yielding of the embankment fill materials adjacent to the 
conduits Loads on conduits under embankments of the same height 
are sometimes three times as great for high values of r«d as for low 
values. See Figure 3. 

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

A table of values of r»tf for different field and conduit conditions 
IS under preparation by the Iowa Engineering Experiment Station 

E . T H E H O R I Z O N T A L C O M P O N E N T S O F E X T E R N A L LOADS ON C L O S E D 
CONDUITS D U E TO F I L L M A T E R I A L S 

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

The Active horizontal pressure = JK' X (vertical pressure). 
The Passive horizontal pressure 'P'l/K X (vertical pressure). 

VM= + 1 + /X 

•1 For "Ditch Conduits" (Completely Buried m Ditches) 

The horizontal pressures against " ditch conduits " are wholly de­
pendent on the class of bedding, and are best taken into account by 
using conduit suppoHmg strength bedding ratios (see page 1(58), of 
field supporting strength to laboratory test strength 

2. For " Projecting Conduits " ( Under Embankments and Projecting 
Above the Embankment Sub-Grades) 

(a) For ngid conduits, 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. 
(c) For flexible conduits, 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 

N O T E—T h e Iowa Engineering Experiment Station is endeavoring to establish, 
experimentally, " moduli of passive resistance," per inch elongation of honzontal 
diameter, for different materials and classes of conduits 

I V . T H E MATHEMATICAL THEORY OF LOADS ON CLOSED CONDUITS 
DUE TO SUPER-LOADS 

A. NOTATION 

Let A = length of a section of a closed conduit, feet 
a = area of each elementary area into which the conduit top 

is divided for computation purposes, square feet 

N O T E—T h e vertical loads on the tops of cylindrical and 
arched conduit tops, due to super-loads, are substantially equal 
to the vertical loads, due to super-loads, on the projection of the 
conduit section upward on the horizontal plane tangent to the 
conduit top Hence, the elementary areas, a, may be taken in 
this " condvU lop honzontal plane projection " 

Bo = the greatest horizontal breadth of the conduit, feet 
Ba = the horizontal breadth of a ditch, at top of conduit, feet 
C» = calculation coefficient for vertical loads on conduit tops 

due to concentrated super-loads, abstract number 
Cut = calculation coefficient for vertical loads on the top of 

" ditch conduits" (completely buried in ditches), due 
to uniformly distributed super-loads, abstract number 

H = the vertical height from the level of the conduit top to 
the level of the point or area of application of a super-
load, feet 

H» = the slant height from any point x, y in the conduit top 
horizontal plane proj'ection to the point of application 
of a concentrated super-load, feet 

X and y = the rectangular coordinates of any point x, y in the con­
duit top horizontal plane projection, with x parallel 
and y perpendicular to the conduit axis, feet 

lo = impact 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 

M/ITHSTM/IT/C/IL roeMULAS for C/ILCL/L/JTIN6 VteV/ML 

fxTfe/v/jL LOADS on CLOSED COA/DU/TS 
DUE TO SuPEe-LoAos 

Stper-hads may be c/assifiad as 
I Concenfmfed svper-hai/s such as i^rfiee/ /aads 

Nofe - Disfribufed stper-foads mcy be fnafed as a ser/es of 
ccncenfrofed su/>er-foaA <^//ee/ af fhe cenfer of smaU efemenfary areas 

Z Uniformly disfribt/M stfer-foods. 

CALCULATION FOITMULAS for t^mriCAL LOAPS ON CoNDurrs 
Due To Co/\fceNmATeo Supep-LoAPS 

l ^ i ' ^ i C t r 61} 

Nofe - i ' f e e for s/affe super-foods 
^- ISO foZM fcr trfieef foads moyrng to mp.f> 

C( • a^Jjf M* (^/"""'f'O" formob) Hz) 

or, q'l-

f\fofe - Efuafion f3) is the infegrof/on formofa for <5, 
»}d is more aceurafe lhan e^f/on ^Z) 

CALCULATION FOI?MULAS for l/tieTicAL LOAPS ON CoNPuns 
Du£ 7b UMFoiPMLr OisreiBUTCo Supee-LOAPS 

For 'dikh cond/ifs' (complefely buried n d/fches) 
l%i-C„m (It) 
^ is) 

for 'pmjecfino corxfuifs'(under embankmenfs, andprojecfina aboire ffie 
embankmenf Si/b-grades) 

The food on a pm/ecf/ng conduif dje fo a uniformly disfribufed super-
food, (4, appfied af or abore fhe heidhf of efuaf sefffemenf, w/fi 
lie fhe same as fhaf due fo an addifionaf layer of filf mafenals 
yveijhin^ Cfs per Sfjore foof 

Figure 4 
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T = a. concentrated super-load, pounds 

Z7» = a uniformly distributed super-load, pounds per square 
foot 

TTin = the average total vertical load on a section of a closed 
conduit, due to a uniformly distributed super-load Ua, 
pounds per linear foot 

Wt = the average total vertical load on a section of a closed 
conduit, due to a concentrated super-load T, pounds 
per linear foot 

-K" = ratio of active horizontal pressure at any point in the 
fill material to the caudal vertical pressure, abstract 
number 

^ V / x ' - f 1 — 
~ y^g - j - 1 _|_ fi (Rankine's formula) 

coefficient of internal friction of the fill material, abstract 
number 

coefficient of sliding friction between the fiU material and 
the sides of a ditch, abstract number 

i r = 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 ( 1 1 ) and ( 1 4 ) (Figure 4 ) is made very simple and easy 
by a computation diagram, for formula ( 1 1 ) , and a computation 
table for formula ( 1 4 ) , from which the values of the calculation 
coefficients Ct and Cut can be obtained directly instead of by special 
computations. 

For Concentrated Super-Loads 

Wt = l/AIcCtT ( 1 1 ) 

The values of Ct may read directly from computation diagrams, 
of which Figure 5 is a sample 

For Loads on Conduits in Ditches, Due to Uniform Super-Loads U» 

Wu>=CusBaV. ( 1 4 ) 

The values o:̂  Cu» may be taken directly from Table 1, herewith, 
reproduced from Bulletin 31, Iowa Engineering Experiment Station, 
1913. 
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T A B L E I 

S\VE VALUES OF C U . TO USE I N FOBMDLA (14) 

Sand and Damp Saturated 
damp top Saturated yellow yellow 

BIBd soil top BOll clay clay BIBt 
00 100 100 100 100 00 
0^ 085 086 0 ^ 059 05 
10 072 0 75 077 0.80 10 
15 061 064 067 072 15 
20 052 0 ^ 0.59 064 20 
25 044 048 0.52 057 25 
30 037 041 045 051 30 
40 057 031 035 041 40 
50 019 023 027 033 50 
60 014 017 020 026 60 
80 007 009 012 017 80 

100 004 005 007 o n 100 

V . T H E CHARACTERISTICS OF LOADS D U E TO OR TRANSMITTED BY 
GRANULAR F I L L MATERIALS 

The mathematical theory of external loads on closed conduits, as 
presented on pages 142 to 154, applies to loads due to or transmitted 
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 fiU 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 /A, p and r.a, give the ulhmate 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 its removal for other causes than load 
failure. See Figure 6, reproduced from Bulletin 79, Iowa 
Engineering Experiment Station, 1926. (Cooperative with the 
U . S Bureau of Public Roads). 

3. The external loads on closed conduits vary greatly with time. 
I n 7 experiments at Ames, Iowa, daily observations over pe­
riods of 3, 7^, 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 if 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 thei U . S. Bureau of Public Roads). 

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

I 
A THE HEIGHT OF EQUAL SETTLEMENT IN EMBANKMENTS OVER CLOSED 

CONDUITS 

The key to the mathematical solution of the iheory of loads ou 
" projecting conduits " (under embankments and projecting above 
the adjacent embankment sub-grade), is the discovery and publication 
by the author, m 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 m and on 
each side of the vertical prism of fill materials directly over the 
conduit 

Below the height of equal settlement, the borizontal 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 fiU materials originally at the same 
level m the prism over the conduit. 

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

Such measurements are illustrated 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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V I VERIFICATION OF THE MATHEMATICAL THEORY OF EXTFRNAL 
LOADS ON CLOSED CONDUITS, BY EXPERIMENTS AND BY 

F I E L D OBSERVATIONS 

The mathematical theory of external loads on closed conduits, as 
presented m equations (1) to (15) (Figures 1, 4 ) , has been verified 
in 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, Iowa, and elsewhere, and which at Ames, 
Iowa, have extended continuously for 18 years and are still m 
progress. 

Second, by extensive and expensive failures and partial fail­
ures, of conduits m 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 in 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 THE THEORY OF 
EXTERNAL LOADS ON CLOSED CONDUITS IN DITCHES 

(SEE EQUATIONS (2) AND (3) (FIGURE 1) 

The theory of external loads on " ditch conduits" (completely 
buried in ditches) has been verified m the amplest manner by the 
experiments and other researches of the Iowa Engineering Experi­
ment Station at Ames, Iowa, from 1908 to 1929, still continuing 
The theory is also verified by Barbour's experiments at Boston, Mass , 
in 1897 * 

The theory of external loads on " ditch conduits " has also been 
verified m 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 m highly condensed form 
in several standard textbooks on sewerage and drainage. 

* Journal of Association of Engineenng Societies, Vol 19, Dec, 1897 
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B . E X P E H I M E N T A X A N D F I E L D V E R I F I C A T I O N O F T H E T H E O R Y O F E X ­
T E R N A L L O A D S O N " P R O J E C T I N G C O N D U I T S " ( u N D E R E M B A N K ­
M E N T S A U D P R O J E C T I N G A B O V E T H E A D J A C E N T E M B A N K M E N T 

S U B - G R A D E ) ( S E E E Q U A T I O N S (4) T O (15) ( F I G U B E S 1, 4) 

1 Experimental 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: 

Iowa Engineering Experiment Station, Ames, Iowa, 1917 to 
1929, still continuing 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 inch culverts The fill 
materials have included 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, plain 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 in 
the interiors 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 ratio, r«d, from — 3 0 to 1.0 

In all the experiments, the total load was weighed In all 
cases except the 9 inch and the 24 inch culverts, the total 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 = 0 90). 

The Iowa Engineering Experiment Station experiments verify 
the mathematical theory stated in this paper in the most complete 
manner. 
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Amencan Railway Engineering Association Roadway Com­
mittee Culvert Load Tests at Farina, III * 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 inches diameter, under 6 0 to 34- 9 
feet height of embankment, with similar measurements for a 
24 inch 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 = 0 90) The total loads were not 
weighed 

In 1928 the committee published the " theory of culvert 
loads " which it considered would explain its observed pressure 
data The committee stated in this publication that, for " Type 
I " culverts (rigid and semi-rigid), " the above theory, with a 
few slight changes in nomenclature, has been taken from various 
bulletins and papers by Dean Anson Marston " For " Type I I " 
culverts (flexible), the committee repeated, with due credit to 
Dean Anson Marston, his solution for the case of a culvert 
actually buried in 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 
in their experiments 

Thus the Farina experiments verify, in a general way, the author's 
theory presented m this paper. 

University of North Carolina Culvert Load Tests, 192^-1927 
The University of North Carolina, Chapel Hill, North Carolina, 
has conducted valuable culvert load tests m two series 

First Senes,j- 1924-1926 Three tests were made with 30 
inch cast iron 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; m the 
second, of clay 14 feet high, and in 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 A R E A 

tSee Public Roads, Vol 7, No 11, January, 1927, for full report 
6 
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paulms from ram The first and second embankments were 
removed promptly after completion The third was continued 
in place from February, 1925, to May, 1926, but doubtless with­
out real penetration of moisture through the clay cover to the 
ditch immediately over the pipe, for the load decreased (as 
transfer of load to the sides of the ditch might occur through 
the development of cohesion in 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 Senes, 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. N'o full report of these tests has been published, 
but a preliminary partial report has been published in the 
Proceedings of the Sixth Annual Meeting of the Highway Re­
search Board, December 2-3, 1927, and the author is informed 
that the complete final report is to appear immediately 

I n 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 (see 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 comparison 
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 in 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 it is plainly evident that they conform closely to 
the curves of the author's theory, with suitable values of the settlement 
deflection ratio, rut, treated as a semi-empiric physical factor. 
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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 in3urious 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, it IS found that the observed facts can readily be harmonized 
with the theory. 

V I I T H E L A T E S T C L O S E D C O N D U I T L O A D E X P E R I M E N T S 

Mr. M. G Spangler, of the staff of the Iowa Engineering Experi­
ment Station, I S 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 is 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 is to 
be published soon as a cooperative bulletin of the U S Bureau of 
Public Roads and the Iowa Engineering Experiment Station 

Mr Spangler is 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 TJ. 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 Engineering Experiment 
Station Staff, is conducting a series of cooperative experiments, par­
tially financed by the Clay Products Association, Chicago, Illinois, 
upon the loads on sewer pipes m 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 in a ditch with sloping sides is the same as 
in a vertical sided ditch of width equal to the width m the sloping 
sided ditch at the level of the top of the pipe 

Mr Schlick finds that: 
(1) The " ditch formula" (2) (Figure 1) gives the correct loads 

for widths of ditch not greater than Ba = l^Bc. 
(2) The " projection" formula (4) (Figure 1) gives the correct 

loads for widths of ditch greater than Bd = 3Bc. 
(3) For widths of ditch between l^Bc and 3Bc, the values of 

H and of affect the decision between formula (2) and formula 
(4), in accordance with a table which Mr Schlick is preparing. 

V I I I . T H E T H E O R Y O F T H E S U P P O R T I N G S T R E N G T H O F P I P E 

C O N D U I T S 

In designing conduits to carry safely the loads to which they will 
be sub3ected m use, it is necessary to know, in advance, both the load 
and the supporting strength of the conduit 

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

The actual distributions of the normal pressures around the three 
experimental culverts in the experiments at Ames, Iowa, are shown 
m Figures 9, 10, and 11, herewith 

Laboratory tests should be made with, 

(1) A S T. M. Standard "Sand Bearings" 
(2) A S T M Standard " 3-edge Bearings " 

Let Ssb = " sand bearing " laboratory strength, pounds per foot 
length 

Seb = " 3-edge bearing" laboratory strength, pounds per foot 
length 

Notation for Laboratory and Supporting Strengths 

For "Ditch Conduits" {Completely Buried m Ditches) 

Smb = Supporting strength, " impermissible bedding," pounds 
per foot length 
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P/iOML P/?eS5U/?E' ON CONC/?€T€ P/PE CUL\/^RT 
3£CTION A-3 

Figure 9 
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j^yfoi^i P/Pssso/ps ov Oi3r //p<av P/P£- a/ii/s/?r 
Jrcr/OflT B-3 

McA3i/if£D BY P^essuee /?>0BONS 

Figure 10 
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nbion aboui- 2"tve3^ of 
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Figure i i 
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Scb = Suppol ting strength, " ordinary bedding," pounds per foot 
length 

Scb = Supporting strength, " 1st class bedding," pounds per foot 
length 

Sec == Supporting strength, " concrete-cradle bedding," pounds 
per foot length. 

For "Projecting Conduits" (Under Embankments and Projecting 
Above the Embankment Sub-Grades) 

Sopb = Supporting strength, " ordinary projection bedding," 
pounds per foot length 

A T H E E E L A T I O N O F A C T U A L S U P P O R T I N G S T B E N O T H S T O L A B O R A T O B Y 

T E S T S T R E N G T H S F O R " D I T C H C O N D U I T S " ( C O M P L E T E L Y 

B U R I E D I N D I T C H E S ) 

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

For " impermissible bedding," Smt = 0.76 Stb = 1.12 Set 
For " ordinary bedding," Sot = 100 S.b = 1.50 Scb. 
For " 1st class bedding," Sa = 1.25 S,b = 1 87 Soi, 

- (1.50) (2.25) 
For " concrete-cradle bedding," See = (to) Sab = (to) <Si«6. 

(2 25) (3 37) 

B T H E E E L A T I O N O F A C T U A L S U P P O R T I N G S T R E N G T H S T O L A B O R A T O R Y 

T E S T S T R E N G T H S F O R " P R O J E C T I N G C O N D U I T S " ( U N D E R E M B A H X -

M E N T S A N D P R O J E C T I N G A B O V E T H E E M B A N K M E N T S U B - Q E A D E ) 

In several years experimentation, cooperative with the U S 
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," Sopb = 1.50 Sab = 2 25 Seb. 

A P P E N D I X A 

A C K N O W L E D G M E N T S 

During the past 21 years, the author has been assisted by a large 
number of different persons, committees, and organizations m the 
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research work connected with the development of the theory of loads 
on conduits presented m this paper A detailed statement will be 
made in the near future, m a forthcoming bulletin of the Iowa 
Engineering Experiment Station, of the assistance rendered m each 
case In this paper there is room only to give, m approximately 
chronological order, the fol|owing list of names. 

M G. Spangler 
J . C. Everds 
J W. Johnson. 
D G. Miller. 
E B. Smith 
Geo E Shafer, A R. E A Comm 
D. L . HoU 
Comm C-4, Am Soc Test Mat 
Comm C-6, Am Soc Test Mat. 
Joint Cone Cul Pipe Comm 
II. S Bureau of Public Roads 
Iowa State Highway Commission 
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 m research work connected with the theory of loads due to 
concentrated super-loads, including Equation 13, to Mr W J Schlick 
in connection with the theory of supporting strength of pipe culverts, 
and to the U S Bureau of Public Roads 

A P P E N D I X B 

P U B L I C A T I O N O F T H E T H E O R Y O F L O A D S O N C O N D U I T S 

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

1 Marston, Anson Standard Tests for Dram 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 (Committee C-6 Report) A. S T M. Proc 
13:303-312, 1913 

3 Marston, Anson, and Anderson, A. 0 The Theory of Loads on 
Pipes m Ditches and Tests of Cement and Clay Drain Tile 
and Sewer Pipe. la Eng. Exp. Sta Bui 31, 1913. 
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4. Marston, Anson, Chr., and Stewart, J . T , Sec. Report of the 
Investigations on Drain Tile of Committee C-6 on Standard 
Tests and Specifications for Drain Tile American Society 
for Testing Materials. Bui. 36, la Eng Exp Sta,1914. 

5. Marston, Anson Report on Standard Tests and Specifications 
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