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eligi OLE BIS: 
Reported by M. G. SPANGLER, Associate Structural Engineer, Iowa Engineering Experiment Station 

ORRUGATED METAL PIPES have been utilized 
in the construction of culverts and other under- 
ground conduits for a period of about 40 years. 

Their use in highway and railway culvert construction 
has grown from a modest beginning to a place of major 
Importance as a cross-drainage structure. The rela- 
tively light weight of this type of culvert pipe, with the 
attendant advantages in ease of transportation and 
placement, has been a powerful factor in the highly 
competitive field of culvert pipe manufacture and in- 
stallation. 

In spite of this long record of use, however, there is 
no rational method available to the engineering pro- 
fession for predicting the structural performance of this 
flexible type of culvert pipe before installation, and 
there is need for a valid design procedure based upon 
recognized principles of mechanics. 

This paper is a progress report on a research project 
being conducted cooperatively by the Iowa Engineering 
Experiment Station and the United States Bureau of 
Public Roads for the purpose of (1) supplying informa- 
tion relative to the structural performance of flexible 
pipe culverts under earth embankments, and (2) de- 
veloping a rational theory of design for this type of 
structure. 
A hypothesis of the magnitude and distribution of 

the various forces to which a flexible pipe culvert is 
subjected when installed as a projecting conduit with- 
out struts or other prestressing devices, and of the be- 
havior of the structure in response to these forces, will 
be offered. A description of some extensive experi- 
mental work that has been conducted for the purpose 
of verifying the hypothesis will also be given, together 
with a comparison between the actual and hypothetical 
performance of the experimental culverts. The paper 
will deal wholly with structural aspects of corrugated 
metal pipe culverts and will not go into the matter of 
durability of the various metals of which they are made. 

Culvert pipes placed under earth embankments de- 
rive their ability to support the earth above them from 
two sources: First the inherent strength of the pipe to 
resist external pressures; and second, the lateral pres- 
sure of the earth at the sides of the pipe, which produces 
stresses in the pipe ring in opposite directions to those 
produced by the vertical loads and therefore assists the 
pipe in supporting the vertical loads. In rigid pipes 
such as those made of concrete, cast iron, burned clay, 
etc., the inherent strength of the pipe is the predomi- 
nant source of supporting ability. The only lateral 
pressure that can be safely depended upon to augment 
the load-carrying capacity of the pipe is the active 
lateral pressure of the earth, since the rigid pipes de- 
form very little under the vertical load and consequently 
the sides do not move outward enough to develop any 
appreciable passive pressure in the enveloping earth. 

In flexible pipes, however, the situation is reversed. 
The pipe itself has relatively little inherent strength, 
and a large part of its ability to support vertical load 
must be derived from the passive pressures induced as 
the sides move outward against the earth. The ability 
of a flexible pipe to deform readily and thus utilize the 

s Paper presented at the Seventeenth Annual Meeting of the Highway Research Board, Washington, D. C., 1937. 
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passive pressure of the earth on each side of the pipe is 
its principal distinguishing structural characteristic and 
accounts for the fact that such a relatively light-weight, 
low-strength pipe can support earth fills of considerable 
height without showing evidence of structural distress. 
It is apparent from these considerations that any at- 
tempt to analyze the structural behavior of this type 
of culvert pipe under a fill must take into account the 
earth at the sides as an integral part of the structure, 
since so much of the total supporting strength depends 
upon the side material. 

Figure 1.—Suares TAKEN BY A FLEXIBLE CuLvert Pipn Dur- 
ING DEFLECTION UNDER VERTICAL LOAD. 

The normal sequence of deflection of a flexible pipe 
culvert installed in the ordinary manner under an earth 
embankment that is built high enough to cause the pipe 
to collapse may be summarized as follows: The first 
layers of the fill cause the pipe to deflect appreciable 
amounts, the vertical diameter becoming less and the 
horizontal diameter greater. The outward movement 
of the sides of the pipe against the enveloping earth 
brings into play the passive resistance of the earth, 
which acts horizontally against the pipe and materially 
reduces the amount that the ring would deflect if acted 
upon by the vertical earth loads alone. 

This action continues as the embankment is built 
higher until the top of the pipe becomes approximately 
flat, when additional load will cause the curvature of 
the top portion of the pipe to reverse direction, becom- 
ing concave upward (see fig. 1). The sides of the pipe 
wil then pull inward. This eliminates the side sup- 
ports of the pipe, since they are passive forces that can- 
not follow the inward movement, and the pipe will pro- 
ceed rapidly to collapse and fail completely. The whole 
action is one of deflection change unaccompanied by 
rupture or buckling of the metal ring, although the 
material in certain parts of the ring may be stressed 
well beyond its elastic limit during the process. 

217 
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It seems evident, therefore, that any attempt to 
rationalize the structural design of flexibie pipe culverts 
should be directed toward the development of a method 
for predetermining the deflection of the pipe under 
specified conditions of installation. 

ELASTIC THEORY AS APPLIED TO THIN RINGS OUTLINED 

In the elastic theory of flexure as applied to thin 
rings it is shown that 

where 

p=the radius of curvature of the elastic curve ot 
the ring when loaded. 

r=the mean radius of the unloaded ring. 

she change in curvature of the elastic curve, 
P caused by the load. 

M-=the bending moment at any point on the ring. 
E=modulus of elasticity of the material. 
J=moment of inertia of the ring cross section. 

Also, by calculus it is known that 

seer) ha fe ee (2) 

where d@ is the angle through which a plane section 
normal to the elastic curve rotates with respect to its 
original position, within a length of arc ds. 

Then q M 
[ae 
(Stn) ae coe ®) 

But ds=pd¢, and it is assumed that the difference 
between p and r will be small so that likewise ds=7d¢.! 

Therefore 

Flvads @ reece a7 .) 

In this expression, 4 represents the rate of change of 

the angular displacement of a normal section with 
respect to the central angle ¢. 
When the external loads on the ring are symmetrical 

about the vertical axis, the normal sections at the top 
and bottom of the ring will remain vertical regardless 
of the character and magnitude of the angular displace- 
ments at intermediate points, and the sum of all the 
elementary displacements as ¢ varies from 0 to 7 
will be 

ip TT 

ET lade Oe eee ees (5) 
or, more simply 

From this equation, the moment and thrust caused 
by any system of loads that is symmetrical about the 
vertical axis? can be obtained for either the top or 
bottom point of the ring. Having the moment and 
thrust at either of these points, the moment, tangential 
thrust, and radial shear can be obtained for any point 
on the half circle by the equations of equilibrium. 
Likewise, the vertical and horizontal deflections of the 
pipe ring can be derived from this basic relationship. 

1 This is an assumption employed generally in thin ring analysis. Its applicability 
to flexible rings is shown by laboratory experiments described later in this paper. 

1 If the loads are unsymmetrical about the vertical axis, the equation is integrated 
between the limits 0 and 27. 

Jie 0.318 Ar 
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VALUES OF @ - DEGREES 

/.= 0.318 Pr 
i | memes VE 
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Figure 2.—VARIATION IN Moment ARrounp A Pipe RING 
REsuLTiInG From Loans at DIAMETRICALLY OPPOSITE POINTS. 

For loads applied at diametrically opposite points on 
the ring, the expression for moment at the top and 
bottom is 

Mi els Pree eS (7) 

and at the sides 
M5==0.182 Prin). ee (8) 

in which 
P=the load. 
r=mean radius of pipe. 
The variation in moment around the pipe ring is 

shown in figure 2. The expressions for deflections 
caused by this loading are: 

For vertical deflection, 
fires 

Ay=0.149755 Pe Ee Bed ak 9 Sn (9) 

For horizontal deflection, 

jes 
Ar= 0.136757 Se Ese Seessaace (10) 

It will be noted that in the application of the elastic 
theory to a closed ring, the assumption is made that the 
radius of curvature of the loaded ring is nearly equal 
to the radius of the unloaded ring and 7 is substituted 
for p at one step in the analysis. For rigid rings, this 
assumption is easily accepted, but for flexible rings such 
as corrugated metal pipes, where the deflections and 
changes in the radius of curvature are relatively large, 
there was considerable doubt whether this assumption 
is valid. In order to obtain evidence on this point, 
some flexible pipe sections of various diameters were 
loaded in the laboratory at diametrically opposite 
points and the measured deflections were compared 
with those calculated by formulas (9) and (10). The 
physical properties of the pipe specimens were de- 
termined as outlined below. 

During the laboratory loading experiments, the unit 
strain of the inner fiber of the pipe wall was measured 
at the top directly under the applied load by means of a 
Huggenberger tensometer having a gage length of ¥ inch. 
The measured strains are shown in the load-strain 
diagrams in figures 3 to 6. The modulus of elasticity 
of the metal in each pipe was calculated by dividing 
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these measured strains into the unit stress obtained by 

the moment formula (7) and the flexure formula se 
fl 

Thus 
See Us lS Fe 

= Seal él SS Ri SS SS dd 1) 

in which 
#£=modulus of elasticity, pounds per square inch. 
6=unit strain, inches per inch. 
P=load per inch length of pipe. 
r=mean radius of pipe, inches. 
c=distance from neutral axis of the pipe wall to the 

outer fiber, inches. For standard corrugated 
sheets with corrugations % inch deep and 2%- 

inch pitch, c=0.25 +5 where ¢=the thickness 

of the metal. 
I=moment of inertia per inch length of pipe. 
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Sah 

C 
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Figure 38.—MB8ASURED STRAINS AND DEFLECTIONS UNDER 
Various Loaps ror a 36-INcH PIPE. 

CULVERT PIPE SPECIMENS TESTED IN THE LABORATORY 

The moduli of elasticity of the metal in four speci- 
mens tested in the laboratory, as determined from 
measured strains by means of formula (11), were as 
follows: 

Modulus of elas- 
ticity, lb. per 

Nominal pipe diameter (inches) : sq. in. 
Spies 2 ete ile Nay 2 ce) ee lene eae P 31, 500, 000 
A ee reat RIED re Sea ie Pr eee eh) ee 33, 200, 000 
EOL 6 ee ee eae SET Ree eR ihe eae eae ee 32, 000, 000 
OE otk afin elles Me RRs a OF Pr = ae tel 26, 800, 000 

Each of these laboratory specimens was made from 
sheets rolled from the same heat of metal as were the 
test specimens of the same size used in the field-labora- 
tory experiments to be described later, and these 
values of the modulus of elasticity may be used in 
analyses of the performance of the field test specimens. 

The mean diameter of 8 test specimens of each size 
averaged approximately 1 inch greater than the nominal 
diameter and this mean diameter has been used in 
calculating the deflections of the pipes. 

The value of the moment of inertia of the cross 
section of a standard corrugated sheet having corruga- 
tions % inch deep and spaced 2% inches center-to-center 
has been determined by means of a formula developed 
several years ago by E. T. Jensen, when employed by 

LOAD - HORIZONTAL 

DEFLECTION 
LOAD - VERTICAL 
DEFLECTION LOAD -STRAIN 

10 

}00 

90 

80 

70 os 

USEFUL ELASTIC 
LIMIT, 65,500 
LBS. PER SQ. IN, 

60 

i 5O 

40 

LOAD- POUNDS PER INCH 
30 

(e) 2 4 6 8 0 | 2 ce) | 2 

UNIT STRAIN- DEFLECTION - INCHES 

0.00! INCH PER INCH 

Fiagure 4.—MraAsvurREpD STRAINS AND Degriections UNDER 
Various Loaps For A 42-Incu PIpr. 

LOAD - HORIZONTAL 

DEFLECTION 

LOAD - VERTICAL 

LOAD-STRAIN DEFLECTION 

~) fo) 

fon) [o) 

ou o 

(2) =| | 
USEFUL ELASTIC 
LIMIT, 47,800 | 
LBS. PER SQ.IN. 

Qa {2} 

LOAD-POUNDS PER INCH 

0 (4 4 6 8 0 | @ 3.0 \ 2 3 4 

UNIT STRAIN - DEFLECTION - INCHES 

0.001 INCH PER INCH 

5.—MEASURED STRAINS AND DEFLECTIONS UNDER 
Various Loaps ror A 48-INcH Pips. 

FIGURE 

the Iowa Engineering Experiment Station, as follows: 

I=0.02925t—0.00150#?+-0.10425#—0.00225t*__ (12) 

G. E. Shafer has devised a simpler straight-line 
formula for moment of inertia which is 

[=55 whet eee 

This formula gives moments of inertia that are up 
to 10 percent higher than values given by formula (12) 
within the range of thicknesses ordinarily encountered 
in corrugated metal culverts. Values of the moment 
of inertia and the section modulus for various gages by 
these two formulas are shown in table 1. 
A graphical comparison between the two formulas for 

moment of inertia is shown in figure 7. The plotted 
points in this diagram are experimental moments of 
inertia obtained by Shafer by loading corrugated 
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20 
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0.00! INCH PER INCH 
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Figure 6.—MEASURED STRAINS AND DEeFLEcTIONS UnpER Various Loans ror A 60-INcH PIPE. 

sheets 48 inches long and 8 inches (three corrugations) 
wide as a beam with concentrated loads at the third 
points, and calculating J from observed deflections. 

TaBLE 1.—Values of moment of inertia and section modulus for 
various gages of pipes} by two formulas 

Jensen formula Shafer formula 

s Thick- 
U.S. Gage No. ness | Moment] got; Moment | gocti 

ofin- | Section | “opin. | Section 
ertia, I OES ertia, I a 

Inch Inch4 Inch3 Inch4 Inch 
fe a 2 RO he She eee Ee, 0. 234375 | 0.008275 | 0.022536 | 0.007813 | 0.021277 
are A Wipe at Mei rs 8 a ds a 2038175 . 006744 - 019183 - 006773 . 019263 

Bien Soe ee ee ee eee 171875 . 005512 . 016407 . 005729 . 017054 
1023 2 Aca an bomen ase eee 140625 . 004373 . 013651 . 004688 . 014634 
12. SR 2 eee eee 109375 . 003317 . 010887 . 003646 . 011966 
14 bass See ee eres 078125 . 002326 . 008046 . 002604 . 009009 
16.023 3 ee ees 062500 . 001848 . 006570 . 002083 . 007407 
2 2s ee ee ee 037500 . 001104 - 004109 . 001250 . 004651 
DA a oe oe re ee . 925000 . 000733 . 002792 . 000833 . 003175 
| ee eae bee |. Oo ee . 012500 . 000366 - 001428 - 000417 . 002016 

x 1 dee have standard corrugations }4-inch deep and spaced 23%-inches center-to- 
enter. 

The measured deflections and those calculated by 
the thin-ring elastic theory as outlined above are close 
enough together (figs. 3 to 6) to justify the conclusion 
that this theory is applicable in the case of corrugated 
metal pipes under two-point loading. Even though 
the deflections and accompanying changes in radius 
of curvature are relatively large, the tolerance is 
probably no greater than that occasioned by variations 
in the modulus of elasticity of the metal, variations in 
thickness, depth, and spacing of corrugations, and other 
variables inherent in the manufacture of this type of 
conduit. 

It seems tenable, therefore, to assume that the 
theory will also apply in the case of a corrugated culvert 
pipe installed under an embankment, since the external 
pressures on the pipe in the field will be more nearly 
uniformly distributed around the pipe than they were 

in the laboratory tests. An investigation of the 
structural performance of corrugated metal pipe 
culverts, therefore, becomes mainly a study of the 
magnitude and distribution of the loads and pressures 
to which they are subjected in service. 

Research has been conducted in the general field of 
structural analysis and supporting strength of under- 
ground conduits of many types during the past 30 years, 
and some general conclusions have been reached 
relative to the behavior of such structures and the 
earth around them. One of these conclusions is that 
the earth embankment over a projecting conduit * 
produces vertical load on the structure in accordance 
with Marston’s conduit load theory and this load is 
approximately uniformly distributed over the entire 
width of the conduit. This seems to be true regardless 
of the shape of the conduit. Also, in the case of 
circular pipes the vertical reaction is distributed over 
some narrower width, depending upon the width of 
bedding in which the pipe is laid and upon the rigidity 
or flexibility of the pipe. 

In the case of rigid pipes the reaction, which is a 
passive pressure, will tend to be greater near the 
center of the pipe because of the circular shape. In 
the case of flexible pipes this tendency is counteracted 
partially by the large deflection of the pipe which 
flattens the bottom segment somewhat, thereby increas- 
ing the reaction near the edges of the bedding and 
bringing about a more nearly uniform distribution of 
pressure over the width of the bedding. 

THEORY OF PRESSURE DISTRIBUTION AROUND FLEXIBLE PIPE 
CULVERTS DISCUSSED 

Little is known concerning the magnitude of the pas- 
sive resistance pressures that are developed at the sides 
of a flexible pipe as the pipe deflects and moves outward 

5 A projecting conduit is one that projects above the subgrade on which it is con- 
structed, as opposed to a ditch conduit which is laid in a trench. A projecting con- 
duit, therefore, is laid with its top some distance above the natural ground line, 
whereas the top of a ditch conduit is below the natural ground line. 
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THICKNESS - 0.01 INCH 

U.S.STANDARD GAGE NUMBER 

ie) 0.002 0.004 

MOMENT OF INERTIA ~ INCH 

0.006 0.008 

Figure 7.—CoMpariIson OF Moments or INERTIA FOR VARIOUS 
GaGsEs oF Pipe BY Two Formut.as. 

against the enveloping‘earth. In the Rankine theory 
of lateral earth pressures, the limiting value of the ratio 
of passive horizontal pressure to vertical pressure that 
a granular soil without cohesion can develop is shown 
to be the reciprocal of the active pressure ratio. Since 
active pressure, according to this theory, is roughly 
about one-third the vertical pressure, the passive 
pressure would be three times the vertical pressure or 
nine times the active lateral pressure. This theory 
does not give a clue as to the amount of movement 
required to develop the full limit of passive pressure, 
however. 

At best Rankine’s ratio would appear to establish a 
limiting value of passive pressure for a cohesionless soil, 
and is of little service when one attempts to assign 
specific values of pressure to definite movements or 
pipe deflections. Further, it is evident from the limited 
amount of work that has been done in this field that the 
relationship between passive pressure and movement 
is closely linked with soil characteristics and these 
characteristics will need to be carefully correlated with 
movement and vertical soil pressures in any rational 
treatment of flexible pipe design. 

In two preliminary experiments, one begun in 1927 
and the other in 1934, in which the structural action of 
two 42-inch corrugated pipe culverts was observed, 
measurements were made of the horizontal earth pres- 
sure at the ends of the horizontal diameter after the 
completion of each 1-foot increment of fill over the top 
of the pipes. Measurements of the horizontal diameter 
change for each increment of fill were also made. It 
was found that the ratio of horizontal pressure to 
diameter change was practically a constant regardless 
of the height of fill, in both these trials. Also, the 
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values of this ratio were considerably different for the 
two types of soil of which the embankments were 
constructed, being approximately three times as great 
in the case of a gravel fill as it was for one built of loam. 

Since the change in the horizontal diameter of a pipe 
is equal to the sum of the outward movements of the 
sides of the pipe at the two ends of the horizontal 
diameter, these preliminary observations have led to 
the tentative conclusion that, as a fill is built over a 
flexible culvert, the horizontal pressure on the pipe at 
any point bears a nearly constant relationship to the 
horizontal movement of the point. This constant ratio 
has been called the ‘modulus of passive resistance” of 
the fill material and is expressed as units of pressure per 
unit of movement such as pounds-per-square-inch per 
inch. Therefore, if the lateral movements of various 
points on the pipe ring are known, the distribution of 
lateral pressures on the pipe can be determined by 
multiplying the movement at each point by this 
modulus. 

fle 
> CALCULATED 

MOVEMENT 

2) 
ey 

i 

APPROXIMATE 
MOVEMENT 

FigurE 8.—CHANGE IN SHAPE oF A FLEXIBLE CULVERT Pier 
UnpvEerR Loap. Lurr, Cuance FrRoM CircLe TO ELuipsE; 
Rieut, AMounT oF HorizontaL MovEMENT OF THE PIPE 
WHEN DerorMED INTO AN ELLIPSE. 

In general, it may be said that a corrugated metal 
culvert pipe under an embankment load deforms from 
a circular to an elliptical shape, with the minor (vertical) 
axis of the ellipse less than the diameter of the circle by 
the amount of the vertical deflection and the major 
(horizontal) axis greater than the diameter by the 
amount of the horizontal deflection. Also, for moderate 
deflections up to 5 or 6 percent of the nominal diameter, 
the length of the periphery of the original circle and the 
ellipse may be considered to be the same. 

On the basis of these assumptions it is possible to 
calculate the horizontal movement of any point on the 
periphery of a circular pipe as it deforms to an elliptical 
shape. The curve obtained by plotting the horizontal 
movement of each point on the vertical diameter of the 
pipe is a witch-shaped curve as shown in figure 8. 
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However, since the horizontal movements of points 

within the top and bottom 40° segments are small, a 

simpler parabolic curve embracing the middle 100° 

of the semicircle may be substituted for the witch 

without serious error. Since pressures are assumed to 

be proportional to movement, the passive resistance 

pressures on each side of the pipe are distributed 

parabolically over the middle 100° of the pipe; and the 

maximum unit pressure, which will occur at the ends 

of the horizontal diameter, is equal to the modulus of 

passive resistance of the fill material times one-half 
the horizontal deflection of the pipe. 

tae 
~ Bie 

se 
cos & 

ee CC 
Ne COSESK 

Figure 9.—HypoTuHetTicaL DISTRIBUTION OF PRESSURE ON A 
FLEXIBLE CULVERT PirE UNDER AN EartsH FILL. 

This hypothesis may be summarized as follows: 
1. The vertical load may be determined by Marston’s 

theory of loads on conduits and is distributed approxi- 
mately uniformly over the width of the pipe. 

2. The vertical reaction is equal to the vertical load 
and is distributed approximately uniformly over the 
width of bedding of the pipe. 

3. The horizontal pressure on each side of the pipe 
is distributed parabolically over the middle 100° of 
the pipe and the maximum unit pressure is equal to 
the modulus of passive resistance of the fill material 
multiplied by one-half the horizontal deflection of the 
pipe. 

The distribution of pressures around a flexible pipe 
under an earth fill in accordance with this hypothesis 
is shown graphically in figure 9. 

Having set up this hypothesis it is possible to develop 
mathematical expressions for the moments, thrusts, 
shears, and deflections of a pipe, in terms of the proper- 
ties of the pipe and the earth of which the embankment 
is constructed. Referring to figure 10 and calling 
clockwise moments negative, the equation for the 
moment at any point is 

Fiaure 10.—F rrr Bopy D1AGRAM FOR DETERMINING MoMENT, 
THRUST, AND SHEAR AT ANY Pornt D on A FLEXIBLE CULVERT 
PIPE. 

M=M-,+Rer(1—cos ¢) | —0.50'r sin’¢ 

: : sin a 
—sin ar’v’ (sin o— 5 ) 

—hr?(0.147—0.51 cos ¢+0.5 cos*@—0.143 cos*¢) ea 

a 

0 

v 

a 

+1.021hr? cos ¢| .—0.5000r?(1 —sing)?| ------(14) 
Tv 

us 140 T 

in which 
M =moment at any point. 
M-=moment at bottom of pipe. 
Ro=tangential thrust at bottom of pipe. 
r =mean radius of pipe. 
¢ =the central angle. 
v =unit pressure on top of pipe. 
v’=unit pressure on bottom of pipe. 
h =maximum unit pressure on side of pipe. 
a =one-half the bedding angle. 

Substituting equation (14) in equation (6) and inte- 
grating yields 

Mo=—Ror+0.0570r?+0.345hr? 
+’r7[0.08a—0.04 sin 2a—0.159 sin’a(r—a) 
+ 0.318-sin a(1-- Cos @)| fe se eee 

FORMULA FOR USEZIN DESIGN OF FLEXIBLE CULVERT PIPES 

DEVELOPED 

This is the expression for the bending moment at the 
bottom of the pipe, but contains Re, the thrust at that 
point, which is as yet unknown. ‘To evaluate Ro, the 
displacement theory of arches may be utilized as was 
done by Cain.‘ In this theory the bottom of the pipe 
is assumed to be fixed. Then the displacement of any 

point on the ring relative to the bottom will equal AT 

times the integral of moments at all intermediate points 
multiplied by the ordinates to the points that are per- 
pendicular to the supposed displacement. ‘Thus the 

4 Stresses and Deflections of Pipe Culverts, by William Cain. Public Roads, vol. 
10, no. 9, November 1929. 
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horizontal movement of A relative to O will equal 

2 vi 

al M(1—cos ¢)d¢___--_------ 

Since the loads are symmetrical about the vertical 
axis, this expression may be equated to zero, and since 

[mas=o, reduces to 

[om COs 'bddb— 0 eee ee 

By substituting equation (14) in this expression and 
integrating, 

Ro=—0.106v’r sin? a+0.511hr+0.1060r..__ (18) 

Then from equation (15) 

Mo=—0.049er?— 0.166hr?-+0’7r7[0.106 sin? a 

+0.080a—0.040 sin 2a—0.159 sin? a(r—a) 

0.0 LSesineot let Coss ||. eee eee ee ae (19) 

Since v= and v= » where W, is the total 
2r sin a 

vertical load on the pipe per unit of length, 

Mo=—0.166 hr?+ Wal 0.053 sin’?a+0.040 a 
na 

—0.020 Si, 080 sin a(r—a) 

+0.159 cos 10.195] i Es, he ae (20) 

Ro=0.053W,(1—sin?a) +0.511 Ar______- (21) 

Again using the displacement theory of arches, Cain 
has obtained an equation for the horizontal deflection 
of a pipe: 

NOG X= 

eee (22 

Substituting the an value of M as given in 
equation i and integrating 

WE ET Taro. 500 sin a—0.082 sin?a+0.080 ares: 

—0.160 sin a(r—a)—0.040 = un sn 224 9, 318 cos a—0 an 
eons 
Rp a2 == (23) 

Now according to the hypothesis of this paper, the 
maximum horizontal unit pressure on the sides of the 
pipe is equal to the modulus of passive resistance of 
the earth at the sides of the pipe multiplied by one half 
the horizontal deflection. That is 

Substituting this expression for h in equation (23) 

ee ae 
oo SAULT TC © aaa ¢ 

in which 
AX=horizontal deflection of flexible culvert pipe. | 

RAD ANS 

—0.160 sin «(r—a) — 0.040 ===" sue 
+0.318 cos a—0.208. 

W,.=vertical load per unit length of pipe. 
r—=mean radius of pipe. 
H=modulus of elasticity of pipe metal. 
Z=moment of inertia per unit length of cross section 

of pipe wall. 
e=modulus of passive resistance of the enveloping 

earth. 
This equation is offered tentatively for use in the 

design of flexible culvert pipes when the conditions of 
installation are sufficiently well known to justify the 
calculation of the vertical load on the pipe by means of 
Marston’s conduit load theory, and the modulus of 
passive resistance of the filling material is known or can 
be estimated within a reasonable tolerance. Although 
the equation gives the horizontal deflection of the pipe, 
both theory and field observations indicate that the 
vertical and horizontal deflections are nearly the same 
under most conditions. 

Equation (25) is general for all widths of bedding if 
the reaction is uniformly distributed over the full width 
of bedding as assumed. Values of the bedding constant 
K for widths from a=0 to a=90° are as follows: 

a Redding constant 
Degrees K 

Oe eS ne eae ae So 5 Re Be ane Srp Ay ty 38 oo Ae pe 0. 110 
IRS ise dace. at Lenn Dees SMe ON se mr Cees Oe Oe, eS CR A eC . 108 
DPA Ata oS ae le eg en IE AY, . 105 
cs () ase SP rs PN ey tel ay at ae see 102 
7 b,c ang a, RI ee DES lied en OE oe pee eee ek 096 
GO Sere eee ee ere ee ee pL, ee ee 090 
C () aera nee pene e Se Te Los eee ch ee or 083 

The value of K=0.083 for a=90° agrees with the 
value obtained by Talbott for a pipe loaded uniformly 
over the top and bottom.* 

FOUR CULVERTS INSTALLED AND TESTED 

In order to test the applicability of this design for- 
mula, an experimental program was conducted in which 
four corrugated metal-pipe culverts were installed at the 
Iowa Engineering Experiment Station field laboratory 
at Ames, Iowa, and loaded with a clay embankment 15 
feet high above the top of the culverts. The pipes for 
these experiments and the laboratory studies previously 
referred to were of four different diameters and United 
States gage thicknesses, namely: 36-inch, 16-gage; 42- 
inch, 14-gage; 48-inch, 14-gage; and 60-inch, 12-gage. 
Lightweight pipes were deliberately chosen so that the 
diameter changes under the fill loads would be relatively 
high. All of the pipes tested were furnished without 
charge by several manufacturers of corrugated pipe. 

The embankment was 17 feet wide on top with side 
slopes about 1.2 to1. The center 17 feet of the culverts 
under the full-height portion of the embankment con- 
sisted of eight sections each 25% inches long, and con- 
stituted the test sections on which observations were 
made. The 20 feet of culvert at each end was merely 
filler pipe under the side slopes of the embankment. 
The culverts were spaced about 20 feet center-to-center. 
Figure 11 shows the culverts in place before the fill was 
constructed. 

5 Tests of Cast-Iron and Reinforced Concrete Culvert Pipe. Bulletin 22, Engi- 
neering Experiment Station, University of Illinois, p. 18. Reprinted 1922. 
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Fiaure 11.—Cunverts IN Puace BEForeE THE FILL Was 
CONSTRUCTED. 

The site chosen for the experimental embankment 
was the bottom of an old gravel pit which had been 
partially filled in with strippings of the pit. A subgrade 
was first prepared by hauling in clay from a borrow pit 
and making a fill which varied in thickness from about 
6 inches on one side to about 1 foot 9 inches on the 
other. This subgrade was built level for a width of 17 
feet in the center and sloped downward 6 inches in 20 
feet at each side. The culverts were thus placed higher 
in the center than at the ends in order to make sure 
that no surface water would get to the center test sec- 
tions. The center line of the subgrade ran east and 
west, the longitudinal axis of each culvert thus being 
in a north and south line. 

After completion of this subgrade, the bedding for the 
culverts was prepared by cutting a trench having a 
circular-shaped cross section for the full length of each 
culvert. The radius of this trench was made 2 inches 
greater than the pipe to be laid in it and then refilled 
with sand, which was struck off with a template of the 
same radius as the pipe. The depth and width of each 
trench was such that when the pipes were laid they 
were in contact with the sand bedding for the bottom 
90° of the circumference. Thus the pipes projected 
above the subgrade a distance equal to 0.85 of their 
diameter, making the projection ratio of Marston’s 
theory, p=0.85. 

The clay filling material was hauled in two-wheeled 
scrapers drawn by teams. ‘The fill on each side of the 
south half of each culvert was hand tamped in 6-inch 
layers for a distance out from the sides equal to the 
diameter of the pipe, and for a depth equal to three- 
fourths the distance the pipe projected above the sub- 
grade. ‘The fill at the sides of the north half of each 
culvert and at all other places outside this tamped area 
was simply dumped from the scrapers and placed by 
shovels without any special manipulation affecting the 
density or other properties of the embankment. It was 
expected that the pipes with the untamped side fills 
would deflect more than those with the tamped side 
fills and this proved to be the case, as will be shown 
later. Figure 12 shows the layout of the culvert in- 
stallation and testing apparatus. 

The measurements and observations made during 
the experiments were directed toward three principal 
objectives. 

1. The settlements of various elements of the pipes 
and adjacent embankment material was observed in 
order that the settlement ratio in Marston’s theory 
could be calculated. Also, the unit weight of the fill 
material was measured and all other necessary data 
obtained so that the load on the culverts could be cal- 
culated according to this theory. 

SECTIONS 13,6 AND 8 EQUIPPED WITH FRICTION RIBBON PRESSURE MEASURING DEVICES 
™ t 
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Fiaure 12.—Layout or CunvertT INSTALLATION AND TESTING 
APPARATUS. 

2. The distribution of vertical load, vertical reaction, 
and horizontal pressures were measured in order to 
check the hypothetical distributions and to determine 
the value of the modulus of passive resistance of the 
clay filling material, both in the tamped and untamped 
condition. 

3. The vertical and horizontal deflections of the 
pipes were measured for comparison with the hypo- 
thetical deflections computed by equation (25). 

Marston’s theory of loads on conduits ® involves 
certain physical characteristics of both the conduit 
and the embankment and also a settlement ratio 

pp Smit So) (yah) BE aes (26) 
s Sim 

in which 
’sa=the settlement ratio. 
Sm=—=the settlement of the columns of earth at the 

sides of the culvert which extend from the 
subgrade to the level of the top of the pipe. 

s,=the settlement of the subgrade. 
(Sm+s,)=the settlement of the horizontal plane of the 

embankment which was level with the top 
of the pipe at zero fill. 

s;=the settlement of the pipe invert. 
d,=the vertical deflection of the pipe. 

(s;+d,.)=the settlement of the top of the pipe, due to 
its flexibility plus yielding of its foundation. 

The settlements s,, and s, were measured by means of 
Ames settlement cells, which are fully described in 
Bulletin 112 of the Iowa Engineering Experiment 
Station. There were 64 cells used in all. Half of 
these were placed on the subgrade at points 1 foot out 
from the sides of sections 1, 3, 6, and 8 of each culvert 
and these gave a measure of s,. The other half were 
placed at the level of the top of the pipe and directly 
over the first group. These gave a measure of (s,,+8,) 
and by subtracting the value of s,, the value of s,, was 
obtained. 

DISTRIBUTION OF PRESSURES ON PIPES MEASURED BY FRICTION 

RIBBONS 

The settlements of the pipe inverts, s;, were measured 
by means of an ordinary level and rod. By taking 
short sights, it was possible to read the rod to 0.001 
foot with confidence. The shortening of the vertical 

6 The Theory of External Loads on Closed Conduits in the Light of the Latest 
Haken by Anson Marston. Bulletin 96, Iowa Engineering Experiment 

ation. 
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diameter, d,, was measured by means of an inside 
caliper equipped with a sliding pointer and a steel 
scale graduated to 0.01 inch. The horizontal deflec- 
tlons were measured with the same instruments. All 
the deflections were measured between gage points 
drilled in a valley of the corrugations at the center of 
each individual pipe section. 

The settlement ratios for the various culverts were 
readily determined from these data and formula (26), 
and are directly applicable for determining the loads 
on the pipes with untamped side fills. It is necessary, 
however, to apply a conversion factor to the settlement 
ratios for the sections with tamped side fills, since 
Marston’s theory assumes that the modulus of com- 
pression of the fill material is uniform throughout the 
height of the embankment from the subgrade to the 
top. Where the side fills were tamped, this assumption 
does not apply, since the compression per unit of load 
for the tamped material is much less than for untamped 
material. 

It can be shown that the settlement ratios obtained 
from test data and applicable to the tamped sections 
must be multiplied by the ratio of the modulus of 
compression of the tamped fill material to that of the 
untamped material before they can validly be used to 
compute the load on the tamped sections by Marston’s 
load formula. Further, the value of s,, is proportional 
to the modulus of compression of the column of material 
within the height pB,, and since this material was 
tamped adjacent to half of each culvert and untamped 
at the other half, the ratio of s,, for the tamped and 
untamped material will be equal to the ratio of the 
moduli of compression for tamped and untamped 
material; that is 

~” 
oe Ca 

Sie 

The values of s, and s’, are readily obtainable from 
the test data. Settlements of the 60-inch culvert with 
tamped side fills are shown in figure 13, and settlements 
for the 60-inch culvert with untamped side fills are 
shown in figure 14. 

The distribution of the vertical and horizontal pres- 
sures on the pipes was measured by means of stainless 
steel friction ribbons that were made to slide between 
two layers of canvas and that passed radially inward 
over a stainless steel roller at each end of the 25-inch 
pipe sections. After the fill was placed, these ribbons 
were pulled and the pressure normal to the ribbon was 
assumed to be proportional to the pull required to 
start the ribbon in motion. The ribbons were % inch 
wide and 0.008 inch thick and very uniform in surface 
texture. Twenty ribbons were placed on sections 1, 3, 
6, and S of each culvert, 10 being placed horizontally to 
measure vertical pressures and the other 10 placed 
vertically to measure horizontal pressures. 

Each ribbon was mounted on either a strip of steel 
1 inch wide or on a 1-inch angle that was welded to the 
pipe sections on top of the corrugations. The steel 
strips were placed at the top, bottom, and sides of the 
pipe, while short-legged angles were used at the 22\- 
degree points and equal-legged angles at the 45-degree 
points. The inner canvas surface was cemented directly 
to the steel strip or angle and the outer canvas was 
sewed around these shapes after the ribbon was placed. 
After all of the ribbons and canvases were in place, the 
section was installed in the culvert and surrounded with 
a sheet of pure gum rubber about one-sixteenth inch 
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Figure 14.—SrerrnemMent or THe 60-INcH CULVERT WITH 

UNTAMPED SIDE FILLs. 

thick. These sheets were of sufficient length to go 
completely around the pipe with a generous overlap, 
and the ends were securely cemented. Hach sheet was 
3 feet wide, so the edges overlapped enough to permit 
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FigurE 15.—SEcTIONS OF CULVERT PIPE ON WuicH Risppons ARE BEING INSTALLED TO MEASURE VERTICAL AND HORIZONTAL 
EARTH 

r'icurE 16.—Srcrions or Cunvert Pier on Wuicu RIBBONS 
Have Bren INSTALLED AND Coverep With A PROTECTIVE 
RUBBER JACKET. 

them to be cemented to adjacent culvert sections. The 
purpose of the rubber jackets was to keep the dirt and 
moisture of the fill from entering the ribbon spaces. 
Ribbon-equipped sections during and after installation 
are shown in figures 15 and 16. 

The ribbons have been of great value in these studies 
and have yielded much information in regard to the 
distribution of the various pressures, particularly the 
horizontal pressures, about which so little is known. 
They are not precision instruments, however, and the 
results obtained from many tests must be studied 
before specific statistical conclusions are justifiable. 
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IFiagurE 17.—Averace Putt Required to Move Top Rrpsons 
on 48-INcH PIPE. 

Figure 17 shows the average pull required to move 
the top ribbons at various times during and after fill 
construction for the 48-inch pipe. 

An attempt was made to calibrate the relations 
between pressure and pull on the ribbons by applying 
pressure to a ribbon in a similar assembly in the labor- 
atory, but without success. For a given set of condi- 
tions, the ratio between pull and pressure remains fairly 
constant; but when other conditions are imposed, such 
as different moisture content of the canvas surfaces, the 
results are widely different. It has been impossible to 
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Figure 18.—Puuis REQUIRED TO Move RIBBONS ON 4 SECTIONS 
or THE 36-INcCH PirpzE on AvausT 26, 1936. 

identify the conditions existing in the field trials with 
sufficient accuracy to attempt to reproduce them in the 
laboratory calibration. Instead, the ribbon assemblies 
on the field experimental culverts have been calibrated 
by calculating the vertical load on the pipes by means 
of Martson’s load theory, using actual settlement and 
other data obtained in the experiments. Then, assum- 
ing the vertical loads were uniformly distributed over 
the top 180° of the pipe, the relation between pull on 
the top ribbons and vertical unit pressure has been 
obtained. 

This assumption of uniform distribution of the ver- 
tical load on the pipes is based upon previous studies of 
loads on rigid pipe and rectangular box culverts, and 
upon a study of the pulls of top ribbons in these experi- 
ments. These pulls, while they varied widely in in- 
dividual values, showed a definitely uniform distribu- 
tion trend as indicated by the data shown in figures 18 
to 21, inclusive. These data show the pressure dis- 
tribution patterns on 1 day only, but they are typical 
of ribbon pulls prior to that date. 

MEASUREMENTS MADE FREQUENTLY DURING FILL CONSTRUCTION 

AND AFTER COMPLETION 

The conditions affecting the coefficient of friction 
between the ribbons and canvas surfaces on the top and 
the two sides of the pipe were in all probability identical 
and the calibration of the top ribbons has been applied 
to the side ribbons. The bottom ribbons, however, 
presented a different problem. In fact little credence 
is placed in the results obtained from the bottom rib- 
bons, which were erratic in performance and of ques- 
tionable reliability. This resulted from the fact that 
in placing the pipes with the ribbons assembled, it was 
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virtually impossible to prevent small quantities of the 
bedding sand from entering the ribbon and _ roller 
spaces; and although precautions were taken to prevent 
this, some particles did get in between the ribbons and 
canvases. Also, during construction of the embank- 
ment, when diameter changes and ribbon pulls were 
being measured every day, some dust and dirt was 
carried into the culverts on the shoes of the operators 
and found its way to the roller spaces. The distribu- 
tion of the vertical reaction on the pipes must, there- 
fore, be judged empirically rather than wholly on the 
basis of the bottom-ribbon pulls. 

The pipes were placed in their beddings and the fill 
at the sides between the subgrade and the top of the 
pipes was placed during the first 3 weeks in June 1936. 
The fill over the top of the pipes was begun on June 25 
and was completed to a height of 15 feet on August 18, 
1936. During this loading period the settlements, 
deflections, and ribbon pulls were observed at least once 
for every 1-foot increment of fiJl. The observations 
were continued after completion of the fill at about 
weekly intervals until about October 1, and since then 
at less frequent intervals. 

Some of the data that have been selected as typical 
for the period from June 25 to October 31 are shown 
graphically in figures 13, 14, and 17 to 23. The settle- 
ments of various elements of the embankment and the 
pipes of the 60-inch culvert with tamped and untamped 
side fills are shown in figures 13 and 14. The points 
through which the curves are drawn are the average of 
4 settlement-cell readings for (s,-+s,) and s,, and ver- 
tical diameter change and invert settlement of 4 pipe 
sections for d, and s;. The average pull required to 
move the top ribbons on the 48-inch culvert is shown 
in figure 17 both for the tamped and untamped side 
fills. Here each point is the average of 10 ribbon pulls, 
5 on each of 2 sections. 

It appears from examination of the deflection and 
foundation-settlement curves that the maximum load 
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on the culverts was reached within a very short time 
after the fill was completed, probably within less than 
a week. The ribbon pull, for the sections in untamped 
fills, however, shows a slight increase early in Sep- 
tember. During the summer of 1936 there was a 
drought in the corn belt and the rainfall at Ames was 
practically negligible from the middle of June to 
September 4, accompanied by extremely hot and dry 
atmospheric conditions. On September 4 more than 
4 inches of rain fell and was followed by more nearly 
normal atmospheric conditions. In the attempts to 
calibrate the ribbon assemblies in the laboratory, it 
was found that moisture in the canvas increased the 
starting pull on the ribbons and in all probability the 
increased pull on the field ribbons following this heavy 
rain resulted from increased moisture rather than from 
an increase in load on the pipes. A portion of the 
increase in ribbon pull may have been caused by the 
weight of water absorbed by the fill during this rainfall. 

With these conditions in mind, the data taken on 
August 26 has been chosen as representative of the 
situation after the maximum load on the culverts was 
reached and before the ribbon pulls were affected by 
the change in meteorological conditions following the 
rain of September 4. The ribbon pulls on the top and 
side ribbons on August 26 are shown in figures 18 to 21. 
The patterns of distribution of pressure shown in these 
figures are typical of the patterns until the rain of 
September 4. After this date, the distribution of the 
pulls on the side ribbons became somewhat erratic. 

In these ribbon-pull diagrams, lines have been drawn 
representing the average ribbon pulls for sections hayv- 
ing tamped side fills and for sections having untamped 
fills. In the case of the top ribbon the readings were 
averaged numerically in accordance with the uniform 
pressure assumption. For the side ribbons, the read- 
ings have been weighted to obtain the average curves 
in accordance with the assumed parabolic distribution. 
The values of the maximum ordinates to the weighted 
average curves for the 36-inch culvert throughout the 
loading period are shown in figures 22 and 23. 

TAMPING SIDE FILLS DOUBLED THEIR CAPACITY TO RESIST 

CULVERT DEFLECTION 

In order to determine the relations between the lat- 
eral pressure on the pipes and the horizontal movement 
of the sides of the pipes, that is, the modulus of passive 
resistance of the fill material, it is necessary to interpret 
the pulls required to start the side ribbons in terms of 
pressure. This has been done in the following manner, 
since the laboratory calibration operations failed to pro- 
duce results that could be applied to the field ribbons. 

First the load on each experimental culvert was cal- 
culated by means of Marston’s conduit load theory 
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Figure 23.—HorizontaL DEFLECTIONS AND SipEe-RIBBON 
PuLus FoR THE 36-INcH PipzE WitH UNTAMPED SIDE FILuzs. 

using measured settlement data and the measured unit 
weight of the clay filling material (120 pounds per cubic 
foot). ‘The load was divided by the area of the hori- 
zontal projection of the pipe to obtain the average ver- 
tical pressure on the pipe. This unit pressure was then 
divided by the average ribbon pull on the top ribbons 
to obtain the pressure on the ribbons per pound of pull 
required to start the ribbons. The test data and cal- 
culated results of these operations for all the culverts 
are shown in table 2. The average value of this ratio 
of unit pressure to pull is 0.0673 pound per square inch 
per pound of pull. 

Having this ratio, and assuming that the conditions 
affecting it were the same for the side ribbons as for the 
top ribbons, the side-ribbon pulls may be multiplied 
by it to obtain the magnitude and distribution of the 
lateral pressure. Further, the modulus of passive re- 
sistance of the fill material may be obtained by divid- 
ing the maximum lateral unit pressure by % the horizon- 
tal deflection of the pipe. The data resulting from 
these calculations are given in table 3, and show an 
average modulus of passive resistance for the untamped 
clay in this fill to be 13.4 pounds per square inch per 
inch of movement, and 27.0 pounds per square inch per 
inch for the tamped fillmg material. It appears, there- 
fore, that tamping the side fills in these experiments 
practically doubled their capacity to assist the pipes to 
carry the vertical earth load. 

Having determined the modulus of passive resistance 
of the fill material and knowing the physical properties 
of the pipes, the deflection of the pipes under the cal- 
culated load can be determined by means of tentative 
design formula (25). The results of these calculations 
are shown in table 4. The measured horizontal and 
vertical deflections on August 26 are also shown for 
comparison. 

show fairly close agreement with the actual measured 
values, thus serving to substantiate the load hypothesis 
given earlier in this paper. 

TaBLE 3.—Moduli of passive resistance for tamped and untamped 
side fills for the various culverts tested 

; Modulus of passive 
Maximum resistance 
ordinate of | Maximum Ar 

Diameter of culvert 1 | weighted lateral zs 
average pressure Ss 

* Tamped | Untamped 
poe: side fills | side fills 

Lb./sq. in. | Lb./sq. in. 
Inches Pounds Lb./sq. in. Inch jin. fin. 

141 9. 49 0. 335 28.00) fevsssecesee= 
122 8. 21 OoOu te oe tome = 9 12.93 
141 9. 49 - 885 yo: ay ill (eee Be 
153 10. 30 MOOD), | Seas ee 14. 82 
187 12. 59 . 4380 pe 0 See ae eee 
173 11. 65 SOLO) |oeeaee eee 14. 39 
193 12. 99 - 505 20 he all eee oe 
154 10. 37 O06! eee oes eee 11. 60 

I ee ee | LS ee, Me DF) | A 27. 00 13. 43 

1 T indicates tamped side fills, U indicates untamped side fills. 

TaBLE 4.—Calculated horizontal deflections and measured horizon-= 
tal and vertical deflections of the various pipes 

Calculated horizon- | Measured horizon- | Measured vertical 
tal deflection tal deflection ? deflection 2 

Diameter of culvert? Percent- Percent- Percent- 
Deflec- age of Deflec- age of Deflec- age of 
tion nominal tion nominal tion nominal 

diameter diameter diameter 

Inches Inches Inches Inches 
OOM eee eee 0. 83 2. 31 0. 67 1.86 One 1.97 
SO tae oo ees LZ: 3. 20 eed 3. 53 spas 3. 36 
CA A ea SE age ee a 94 2. 24 5 th 1.83 . 84 2. 00 
EO} Diz pe, cylin, 5 ee a 1.41 3.00 1.39 3. 31 ew 3. 12 
4S ee see ae ee es 97 2.02 . 86 1.79 1.02 2.12 
AR We ee eee ee 1.56 BH20) 1. 62 3. 38 1. 56 3ao20 
UV Rh ees ae 87 1.46 1.01 1. 68 1. 26 2.10 
CONUS ae ae 1,72 2. 88 1.79 2. 98 1. 82 3. 03 

1 T indicates tamped side fills, U indicates untamped side fills. 
2 On August 26, 1936. 

These calculations reveal the relative influence of 
the inherent strength of the pipe and the side restraint 
afforded by the fill upon the deflection the culverts 
assumed under the fill. In the design formula (25), 
the term EJ in the denominator represents the in- 
fluence of the pipe strength and the second term 
0.061 er* represents the influence of the passive resistance 
of the fill material. In these experiments, the second 
term was 1.65 times the first term for the 36-inch pipe 

The calculated horizontal deflections | with untamped side fills and this ratio varied up to a 

TABLE 2.—Test data and ratio of calculated unit pressure to pull on ribbons for the various culvert pipes tested 

Aver- P 

8m OF Baia) ad: ; age Ban ee 
Diameter of culvert! (Sm+8,) Oe v d. Sf (d.+sy) Ted Sin justed Load on pipe pull pure to 

“ Signe Ted on top ail 
ribbon Pp 

Lb. per 
sq. in. 

Lb. per | Lb. per | Lb. per per lb. 
Inches Inches | Inches | Inches | Inches | Inches | Inches lin. ft. lin. in. sq.in. |Pounds| pull 

1.74 0. 52 gl USA 2.42 | —0.31 0.57 | —0.18 4, 100 342 9. 08 144 0. 0630 
1.00 91 1. 21 1.05 2. 26 Set Sees eee ee 3, 600 300 7. 84 127 . 0617 
1.61 . 68 . 84 1. 60 2. 45 —. 24 . 56 = 14 5, 100 425 9, 71 150 . 0647 
1.00 L..21 1,31 1. 21 2. 52 Sell ee 4, 500 375 8.45 130 . 0650 
1. 42 a efi 1.02 1, 33 2. 35 = 31 . 56 ==, 17 5, 500 458 9. 18 149 . 0616 

. 91 1.09 1. 56 . 86 2.42 Sasa al | ee eee ae ee Se 4, 900 408 8. 06 110 . 0732 
1.81 . 60 1. 27 1. 94 3.21 | —1.33 ahye —. 76 5, 800 483 7.79 127 . 0614 
1. 67 1.10 1.82 1.68 3. 50 Oli eens eter 5 ee 6, 100 508 8. 09 92 . 0880 

So ees [ee ee ee | ee | ee a ee ee Ie eee | oe Oe eae ee ete oa oa nee oan |wecaoeneas|eeeesers . 0673 
| | 

1'T indicates tamped side fills; U indicates untamped side fills. 
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maximum of 16.05 for the 60-inch pipe with tamped 
side fills. From these facts it seems probable that pipes 
of greater thicknesses would have deflected but slightly 
less than did the pipes actually used, especially the 
larger sizes. On the other hand, greater consolidation 
of the fill material, by compaction at optimum moisture 
content or by some artificial stabilization process, 
might have reduced the deflections materially. 

FORMULAS GIVEN FOR MOMENT, THRUST, AND SHEAR 

Although the deflection of flexible culvert pipe is the 
phenomenon of primary interest from the structural 
standpoint, because failure of flexible pipes occurs by 
excessive deflection rather than excessive stress, the 
stress distribution around the periphery of the pipes 
may also be of some interest. From equations (20) 
and (21) the moment and thrust at the bottom of the 
culvert pipes in these experiments (a=45°) are 

Me=0.157W 70 G6hi see 
Re=0:026W 40 ol ie 

Having the moment and thrust at the bottom of the 
pipe, the moment, thrust, and shear at any other point 
on the ring may be obtained from the equations of 
equilibrium. It is convenient to write the equations 
for these quantities for vertical loads and for horizontal 
loads separately. 

For moment, thrust, and shear caused by vertical 
loads— 

When ¢ lies between 0 and 45°: 

My= Wr (0.183 —0.026 cos ¢—0.354 sin? @)__ (29) 
Rp=W,(0.026 cos ¢+0.707 sin? @)__-____..- (30) 
Sp=W,(0.707 sin ¢ cos 6—0.026 sin @)____- 

When ¢ lies between 45° and 90°: 

Myp=W-7(0.360—0.026 cos ¢—0.500 sin ¢)--- (32) 
p= W.(0.026 cos ¢+0.500 sin ¢)____-____- ( 

Sp= W,(0.500 cos ¢—0.026 sin @)_-_______- 

When ¢ lies between 90° and 180°: 

Myp= Wr (0.110—0.026 cos ¢—0.250 sin? ¢)__ (85) 
Rp=W,(0.026 cos ¢+0.500 sin? ¢)_________ 
Sp= W,(0.500 sin ¢ cos ¢—0.026 sin ¢)____- 

For moment, thrust, and shear caused by horizontal 
loads— 

When ¢ hes between 0 and 40°: 

Myp=hr7 (034505 Wii cosic | sansa anes (38) 
Ry 20.5 LRTRCOS 6 See eee (39) 
Sp=0.511hr sin Dien Ne has Sane ic Bee ene ee (40) 

When ¢ lies between 40° and 140°: 

My =hr’ (0.199 —0.500 cos? 6+0.148 cost ¢)___ (41) 
fin=hr(cos* ¢—0.568 cos*'d)e ae e ee (42) 
Sp=Ar(sin ¢ cos 6—0.568 sin ¢ cos’ ¢)_____- (43) 

When ¢ lies between 140° and 180°: 

Mn=hr (0452-051 lecosth) sae eee ee (44) 
Ry =O: LIP COs d= 2 eee ee ee (45) 
inca tan lH ere bibcoMe Some ee eer (46) 

Moment diagrams for these equations are shown in 
figure 24 in terms of Wr for vertical loads and hr? or 
eAxr? : 

5 for horizontal loads. The net moment is the 

algebraic sum of the moments caused by the vertical 
and horizontal loads. Using the calculated loads and 
deflections and the moduli of passive resistance for 
tamped and untamped materials, the net flexural stress 
in the ring of each experimental culvert is as shown in 
figure 25. 
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Figure 24.—MoMENT AND TANGENTIAL THRUST DIAGRAMS FOR 
FLEXIBLE CULVERT PIPES. 

Since the reaction is less distributed than the vertical 
load, the greatest bending stress occurs at the bottom 
of the pipe. This stress diminishes rapidly as ¢ in- 
creases, and reverses direction at about 35° to 40° and 
attains a maximum negative value at about 60°. From 
60° to 140° the stresses are relatively low. Beyond 
this point the stress increases rapidly to the maximum 
value at the top which is about % to % the magnitude of 
the stress at the bottom. 

The calculated maximum stresses in the pipes are 
rather high and in 5 of the 8 culverts they exceed the 
elastic limit of the metal as determined on companion 
specimens in the laboratory tests described earlier in 
this report. However, the length of arc overstressed is 
relatively short and no appreciable effect on the rate of 
deflection of the pipe is discernible. 

The tangential thrust in the pipe walls is of interest 
in connection with the design of riveted or bolted longi- 
tudinal joints connecting the corrugated sheets of which 
the pipes are fabricated. The hypothetical loads 
yield thrust diagrams as shown in figure 24. Using 
the calculated values of W,, e, and Az, the net thrusts 
per inch length for each experimental pipe have been 
calculated and are shown in figure 26. The radial 
shears are small and of little importance in the design of 
this type of structure. 

DEFLECTION CONTINUED AFTER FILL COMPLETION 

A phenomenon of considerable interest that has been 
measured in this and an earlier study of corrugated pipe 
culverts is that the pipes continue to deflect slowly long 
after the fill is completed and the maximum vertical 
load has been attained. In these experiments the pipes 
have continued to deflect for more than a year after the 
completion of the fill. The average amount of this 
additional vertical deflection of the pipes with tamped 
side fills has been 0.25 percent of the nominal diameter 
between August 26, 1936 and September 15, 1937, and 
0.38 percent for the pipes with untamped side fills. 

This same phenomena has been observed in another 
experiment conducted at Ames in which a 42-inch, 
10-gage pipe has been loaded under a 15-foot fill of 
loam soil for a period of nearly 10 years. This culvert 
is mounted on a system of weighing platforms and levers 
so that the vertical load on it can be determined at the 
time deflections are measured. The load and deflection 
history of this culvert, which was constructed with un- 
tamped side fills, is given in table 5. 
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TaB LE 5.—Load and deflection data for a 42-inch culvert pipe under 
a 15-foct fill of untamped loam soil 

Vertical deflection 

Date Load Percentage 
Deflection | of nominal 

iameter 

Lb. per lin. ft. Inches Percent 
Deen16,.4927 (fill completed) pesseeee= eee 5, 800 : 3. 41 
UE Valet O29 ses ee ee ee ee eee 6, 090 1.78 4, 24 
UP RLOP LOGO coat eek won tee ese 6, 800 2.44 5. 81 

ADP 19 193i ne ee rs ee 6. 200 2.59 6.17 
DODbelo ml 9o (ce ee one eee eee ee 6, 400 2. 62 6. 24 

The fact that flexible pipes continue to deform slowly 
after the fill is completed is in all probability analogous 
to the widely known fact that all structures resting on 
earth foundations continue to settle long after the 
maximum load on the footings is applied. Apparently 
the fill material at the sides of the pipes slowly recedes 
in response to the pressure acting between the pipe and 
the fill and this permits the pipe to deflect even when 
there is no increase in the vertical load. This phenome- 
non may be of importance in supplying data upon which 
specifications for flexible pipe can be based. The 
deflection at the time of fill completion should possibly 
be specified for practical reasons; but this specified 
deflection should be related to the ultimate deflection, 
which may occur years later and which determines the 
load capacity of the pipe. 

NEED FOR FURTHER STUDIES INDICATED 

One of the most important contributions of this re- 
search has been the knowledge gained regarding the re- 
lationship between the pressure developed at the sides 
of the pipes and the deflection, but there are many im- 
portant elements of this relationship that need further 
study. In these experiments, the straight-line in- 
crease of both deflections and side pressures as the fill 
was constructed justifies the use of a constant ratio be- 
tween deflection and pressure in this ordinary method 
of construction. 

PIPE WITH TAMPED SIDE FILL 

4,2-INCH PIPE 

PIPE WITH UNTAMPED SIDE FILL 9 -—--——- 

a 36-INGH PIPE 48-INCH PIPE O-INGH PIPE 
180 

ANGLE @ - DEGREES 

a 

0 100 200 0 100 200 0 100 ©6200 «300 8 400 

TANGENTIAL THRUST PER INGH LENGTH OF PIPE - POUNDS 

Ficgurs5 26.—CalLcuLaTED TANGENTIAL THRUSTS IN EACH OF THE 
Pirrs TESTED. 

It should be pointed out, however, that each incre- 
ment of deflection and side pressure was accompanied 
by an increment of fill or vertical pressure on both the 
culvert and the material at the sides of the pipe, and the 
effect of the vertical pressure on the ratio of deflection 
to side pressure is not revealed in these studies. There- 
fore, when a flexible pipe is “‘strutted’’ before the fill is 
placed, as is frequently done when high fills are en- 
countered, and the struts are removed after completion 
of the fill, a different situation is presented and in all 
probability the ratio between deflection and side pres- 
sure will not be a constant in this case. SoS a 

Further, there is much to be learned in regard to the 
characteristics of the side fill materials and their effect 
on the modulus of passive resistance. In these experi- 
ments, it was shown that tamping the side fills approxi- 
mately doubled the modulus, with a consequent re- 
duction in deflection of the pipe. Probably if the tamp- 
ing had been done under optimum moisture conditions, 
a greater density and a greater modulus might have been 
attained. 

The width of bedding of all the pipes in these studies 
was the same, the value of the angle a being 45 degrees. 
Further experiments should be conducted to obtain data 
on the effect of other bedding widths. Se 

The hypothesis advanced in this paper has been 
sufficiently sustained by the experiment that a program 
to correlate the hypothesis with actual field performance 
would seem to be justified. In any such program, the 
observation of field culverts should begin at the time 
the subgrade for the pipe is prepared so that bedding 
conditions could be noted in detail and settlement plates 
installed on the subgrade and at the level of the top of 
the pipe for determination of practical design values 
of the settlement ratio. Then deflections of the pipe 
should be measured at suitable intervals during con- 
struction of the fill and after its completion. Also, the 
characteristics of the side fills should be observed in 
detail in an attempt to develop working values of the 
modulus of passive resistance of various types of fill 
materials. 
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EIGHTH INTERNATIONAL ROAD CONGRESS TO BE HELD IN JUNE 

The Eighth International Road Congress will be 
held in June 1938 at The Hague, Netherlands, under 
the auspices of the Permanent International Associa- 
tion of Road Congresses. The Netherlands Govern- 

ment has invited all members of the Association to 

attend. 
The sessions of the Congress are tentatively sched- 

uled to begin on Monday, June 20, and to extend 
through Saturday, June 25. All-day excursions are 
planned for Monday, June 27, through Friday, July 1. 
A trip through The Hague and its environs and the 
ceremonial closing session of the Congress are tenta- 

tively scheduled for Saturday, July 2. Definite and 
more detailed information as to the schedule of the 
Congress will be announced later by the Association. 

An exhibition of road equipment and materials, 
several receptions, and numerous’ excursions are 
planned. For the ladies who do not want to attend 
the sessions, separate excursions or visits will be organ- 
ized for June 21, 22, and 23. 

Persons desiring to attend the Congress can obtain 
temporary membership in the Association by paying a 
fee of 150 French francs ($4.90 at the rate of exchange 
on Jan. 25, 1938). Applications and fees can be sent 
to Mr. Thos. H. MacDonald, Chairman, American 
National Committee of the Permanent International 
Association of Road Congresses, Pan American Build- 
ing, NW., Washington, D. C. 

Association members are entitled to attend all 
sessions of the Congress as well as the receptions and 
official excursions taking place during the Congress. 
They are privileged to use the travel facilities and 
tariff reductions granted on behalf of the Congress. 
They receive, before the Congress opens, the official 
reports on the subjects dealt with at the sessions, and 
after the Congress a general account of the work 
accomplished. 

The following program of subjects has _ been 
announced : 

FIRST SECTION (CONSTRUCTION AND 

MAINTENANCE) 
First QUESTION: 

a. Progress, since the Congress at Munich, with the use of 

cement for carriageway surfacings. 

b. Brick surfaces. : 

c. Surfaces in special materials such as cast-iron, steel, 

rubber. 

SECOND QUESTION: 

Progress since the Congress at Munich in the preparation 

and use of: 

a. Tar. 

b. Bitumen (asphalt). 

c. Emulsions. For the construction and maintenance 

of carriageways. 

SECOND SECTION (USE, REGULATION, AND 

ADMINISTRATION) 

THIRD QUESTION: 

Accidents on roads: ; 

a. Bases of statistical returns and their unification. 

b. Methods of investigation into the causes of accidents 

and means for their prevention. 

FourtTH QUESTION: 

~ The segregation of the various classes on the highway: 

Carriageways (single and dual). 

Cycle tracks. 

Footways. 

Service roads in connection with “Ribbon Develop- 

ment,”’ parking places. 

Road junctions and crossings: 

a. A study of the circumstances which make these pro- 

visions desirable or undesirable. 

b. Application to motor roads. 

FIRST AND SECOND SECTIONS (COMBINED) 

FirtH QUESTION: 

Examination and standardization of carriageway surfacings 

from the point of their: . 

a. Slipperiness or rugosity and resistance to skidding. 

b. Light value or the degree to which they absorb 

light (under artificial illumination). 

SIXTH QUESTION: 

Examination of the subsoil of roads: 

a. Determination of the properties of subsoils: Methods 

of testing, and testing apparatus. 

b. Influence of the properties of the subsoil on the con- 

struction of roads (foundations and surfaces) and 

their maintenance. 

The Association makes no provision for sending the 
reports and proceedings of its congresses to persons 
other than members. All persons, libraries, and organi- 
zations, desiring to receive these reports and proceedings 
should therefore apply for membership. 

Reductions in fares for travel in the Netherlands 
have been offered to Congress members by certain 
ralways, shipping companies, and air lines in the 
Netherlands. The Association is attempting to obtain 
for Congress members reductions in fares from rail- 
roads and shipping companies of various other countries. 

Everyone attending the Congress will be able to find 
suitable hotel accommodations at The Hague. Several 
hotels will grant special reductions to Congress mem- 
bers. Hotel accommodations will be available at 
reasonable rates; for room and breakfast, $1.40 to $3.40 
per day; for room and full board, $2.25 to $5.60 per 
day; room with bath will cost an additional 60 to 90 
cents per day. Modest but good accommodations can 
be obtained at lower prices at numerous boarding 
houses. 

The planned excursions will be 1-day trips or less, 
beginning and ending at The Hague, so the excursion- 
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ists need not carry luggage. Whole-day excursions can 
be expected to cost from $2.80 to $3.40, while short 
excursions will cost from $0.90 to $1.40. 
Many places of particular interest to Congress 

members will be visited, and ample time will be afforded 
for careful inspection and study of the more important 

features. Excursion itineraries will include visits to 
roads built in lowlands on very poor subgrades, inspec- 
tion of many large bridges and of tunnel construction 
at Rotterdam, and observations of the work of reclaim- 

ing the famed Zuiderzee. An excursion will be made 

to the big dike that cuts off the Zuiderzee from the 
outer sea and forms a new motor road between the 
northeastern provinces and the heart of the country. 

Numerous main highways and secondary roads will 
be inspected, so that Congress members can get a 

general idea of the progress made in solving road 
problems in the Netherlands. If possible a trip will be 
made at night over the highway from Amsterdam to 
Haarlem, which is lighted the entire distance. 

General sightseeing trips will also be made, including 
visits to the cheese market at Alkmaar, flower and 

tree nurseries, quaint towns along the Zuiderzee coast, 

the Dutch moorland, etc. 
Exhibits will show what has been done in the Nether- 

lands during the past few years to improve the network 

of roads as well as to regulate and safeguard traffic. 
The Seventh International Road Congress, held in 

Munich, Germany, in September 1934, was attended 
by approximately 2,000 delegates from 50 countries. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 

Any of the following publications may be purchased from 

the Superintendent of Documents, Government Printing Office, 

Washington, D. C. As his office is not connected with the 

Department and as the Department does not sell publications, 

please send no remittance to the United States Department of 

Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

DEPARTMENT BULLETINS 

No. 1279D..Rural Highway Mileage, Income, and Expendi- 

tures, 1921 and 1922. 15 cents. 

No. 1486D. .Highway Bridge Location. 15 cents. 

TECHNICAL BULLETINS 

No. Highway 55T... Bridge Surveys. 20 cents. 

No. 265T...Electrical Equipment on Movable Bridges. 
35 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP..The Results of Physical Tests of Road-Building 
Rock. 25 cents. 

No. 19IMP.Roadside Improvement. 10 cents. 

No. 272MP..Construction of Private Driveways. 10 cents. 

No. 279MP.. Bibliography on Highway Lighting. 5 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

Guides to Traffic Safety. 

Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 

HOUSE DOCUMENT No. 462: 

Part 1... Nonuniformity of State Motor-Vehicle Traffic 
Laws. 15 cents. 

Part 2... Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes. 10 cents. 

10 cents. 

Part 3... Inadequacy of State Motor-Vehicle Accident 
Reporting. 10 cents. 

Part 4... Official Inspection of Vehicles. 10 cents. 

Part 5...Case Histories of Fatal Highway Accidents. 
10 cents. 

Part 6... The Accident-Prone Driver. 10 cents. 

An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 

be purchased from the Superintendent of Decuments. 

SEPARATE REPRINT FROM THE YEARBOOK 

No. 1036Y..Road Work on Farm Outlets Needs Skill and 
Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 

Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

UNIFORM VEHICLE CODE 

Act I.—Uniform Motor Vehicle Administration, Registration, 
Certificate of Title, and Antitheft Act. 

Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 

Act I1].—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 

Act V.—Uniform Act Regulating Traffic on Highways. 

Model Traffic Ordinances. 

A complete list of the publications of the Bureau of Public 

Roads, classified according to subject and including the more 

important articles in Pusric Roaps, may be obtained upon 

request addressed to the U. S. Bureau of Public Roads, Willard 

Building, Washington, D. C. 
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