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Experimental and theoretical results are given that provide information 
on the influence of soil properties on the behavior of buried cylinders 
whose axes are parallel to the surface. Sand type, density, and cyl
inder stiffness were varied in 12 static tests on 5-in. diameter thin 
metal cylinders. The stiffness of these cylinders was less than that 
of others in the literature for which complete information on soil prop
erties was available. 

This research provides a unified method for determining deflections 
and the critical buckling load based on the one-dimensional confined 
compression modulus from a standard laboratory test. Also, a rela
tion for arching across buried cylinders that permits computation of the 
thrust at the haunches is given, and an equation is proposed for esti
mating interface pressure distribution from measurements of strains 
in the cylinder. 

•THERE is doubt -.;,.mcerning the adequacy of currently employed methods for the de
sign and analysis of horizontally oriented buried cylinders, particularly when the im
posed loads are high. One reason for this doubt is that a rational way of relating the 
behavior of buried cylinders and standard soil properties determined in the laboratory 
is lacking. The prime objective of this research is to explore the problem area and 
to provide a unified methodology for defining behavior. 

The stated goals were pursued through a series of experiments coupled with adapta
tion of the theory to a suitable form. In the limited test program, particular attention 
was paid to controlling and measuring soil properties and soil behavior. 

The nature of the behavior of horizontally oriented buried cylinders of metal has been 
summarized by Meyerhof (1). Also, the potential modes of failure for thin metal cyl
inders have been described (2) . Of the possible modes, those of prime practical con
cern are failure of the joints or the wall material due primarily to axial compression, 
collapse in the first symmetrical compression mode due to excessive horizontal ex
pansion, and transitional (local) buckling due to insufficient cylinder and soil stiffness. 

Regardless of the type of loading imposed on a buried cylinder, adequate rigidity 
must be provided and deflections must be limited to some preselected maximum. Once 
the failure criteria are established for a given installation, rational methods of design 
and analysis are needed that incorporate suitable material properties. 

Useful relations between the modulus of elastic support, the effective modulus of 
elasticity, and the constrained soil modulus have been developed by Luscher (3). Coef-
ficients from Luscher's equations are utilized here. -

To facilitate design, Meyerhof proposed a deflection relation deduced from the Iowa 
formula and a crippling equation based upon plate buckling (1). In this paper a similar 
deflection relation is employed, a buckling equation for a cylinder in an elastic media 
is used, and an expression for the axial thrust based on an empirical relation for arch
ing is developed. 

Paper spansored by Committee on Buried Structures and presented at the 47th Annual Meeting. 
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TABLE 1 

TEST DESIGN 

Cylinder No. 
Parameters 

21 22 23 24 25 26 27 28 29 30 31 32 

Density H M L M L H L H H L H M 
y, pcf 109. 0 103.4 96, 7 103,4 96. 7 109.0 96. 7 109.0 109.0 96.7 109,0 103, 4 

Angle of 
friction, "' Ha H H H Lb L L L 'L L H H 

Thickness M H H M L L H L M L M H 
h, in. 0,012 0.018 o. 018 0,012 0,006 0,006 0.018 0.006 o. 012 0.006 0, 012 0. 018 

Note: H, M, and L 5tand for high, medium, and low. aNCEL sand, bBeach sand . 

A number of sources of cylinder test data are available ( 4, 5, 6, 3, 7, 8); however, 
much of the available information is for cylinders of relatively-high stiffness. No re
sults are available from thin cylinder tests in which the soil properties were well de
fined. The experiments described are intended to provide data in this regime forwhich 
information is lacking. 

EXPERIMENTAL PROGRAM 

Description of Experiment 

Tests were performed on 12 cylinders consisting of 3 different thicknesses buried 
in 2 types of sand each at 3 different densities. The experiment (Table 1) was random
ized, except that tests using one type of sand were performed in succession to keep the 
materials handling within practicable limits. Density and sand type were selected as 
variables because they are the primary soils parameters governing the soils modulus. 
Thickness was chosen because thickness and soils modulus are the prime parameters 
that control the buckling load. 

All of the cylinders were 5 in. in inside diameter by 20 in. long and had thicknesses 
(Table 1) of 6, 12, and 18 mils. They were fabricated from ClOlO steel, which had a 
yield strength of 89, 000 psi and an ultimate strength of 99, 000 psi. Depth of cover was 
6 in. in all tests. 
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Figure 1. Section through segmented soil tank . 
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One of the sands employed was a sharp-grained material known as NCEL sand with 
a uniformity coefficient of 0. 35; the other was a relatively round-grained beach sand 
with a uniformity coefficient of 0. 75. 

The tests were conducted in a segmented soil tank 5 ft in diameter constructed to 
minimize arching across the tank walls. In the tank, load is applied to a soil-structure 
specimen by pressurizing a pneumatic bag at the top surface of the soil. The bag reacts 
against a lid that, in turn, reacts against a closed frame around the tank. 

A tubular opening passe!'l diametrically through the soil tank (Fig. 1) to permit re
moval of a collapsible mandrel used to hold the cylinder to the proper shape and in the 
proper position during backfilling, and to accommodate a shaft that holds a rotating de
flection gage. The shaft is attached to the ring immediately below the tubular opening; 
thus, the shaft moves downward as the soil is compressed. The tubular opening is 
formed by the test cylinder and two cantilevered pieces of pipe that are bolted to the 
rings at the elevation of the test cylinder. 

Sand was placed in the tank by the sprinkling technique ( 4) . Density was controlled 
by varying the flow rate and the height of drop. After the sand was filled to an eleva
tion 1 in. above the invert and suitably leveled, a circular trough was cut in the sand 
to the dimensions of the cylinder with a special jig. The cylinder, containing the man
drel to retain a true circular shape, was then set in position and the backfill was placed. 
Ends of the mandrel were fastened to the cantilevered pipes to prevent movement of the 
cylinder during backfilling. After the backfilling was completed and the tank was closed, 
the collapsible mandrel was removed, the rotating deflection gage was installed, and 
the instrumentation was connected. 
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Figure 2. Instrumentation of steel cylinders. 

Location and Purpose of Instruments 

Location of the instrumentation, 
except for the pressure gages, is 
shown in Figures 1 and 2. Deflection 
gages Dl and D2 were differential 
transformers housed in pipes attached 
to the bottom of the tank. The cores 
were attached to disks that would de -
fleet with the sand. These gages de
tected deflection relative to the bottom 
of the tank; the difference in their 
readings gave the average soil strain. 
Linear potentiometers D3 and D4 
sensed deflection with respect to 
ground of the bearings of the rotating 
deflection gage, linear potentiometer 
D5. Gage D6 was a precision rotary 
potentiometer that gave the angular 
position of the rotating deflection gage . 

Strain gages S5, S6, and S7, which 
measured hoop strain, were for pur
poses of determining the lateral de
formation and stress of the soil. 
Strain gages Sl through S4 and SB 
through Sl3 were for determining 
thrusts and moments. Strain gages 
SB through S13 were included only on 
a few of the cylinders to provide sup
plementary information for interface 
pressure computations. The loop 
gages were to provide backup and 
check deflection measurements. 

Surface pressure was applied in 
increments and records were taken 
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at each increment. The recorded data were subsequently punched on IBM cards and 
processed with the assistance of a digital computer. 

RESULTS OF EXPERIMENTS 

Test Results 

Soil Properties-Initial densities determined by the sand replacement method are 
given in Table 1. Vane shear measurements also were made to supplement the density 
measurements and to provide information on the variation of shear resistance with 
depth. These measurements showed that the vane shear resistance increases relatively 
uniformly with depth and that the shear resistance increases markedly with increase in 
density as would be expected. 

A study of the dependence of the coefficient of lateral earth pressure, K0 , on density 
and type of sand showed that above about 10 psi, there was very little change in the com
puted values of K0 with load or depth. Further, at depths of 10 in. or more there was 
only a small difference in K0 values for the two types of sands used. Average values 
were 0.45 for the NCEL sand and 0.48 for the beach sand. Stress-strain curves, based 
on the average strain between gages D 1 and D2 were obtained for each setup (Fig. 3). 

Deflections-In interpreting the behavior of the cylinders, it is well to remember 
that circumferential waves may develop around the perimeter of low stiffness buried 
cylinders at relatively small loads. The circumferential waves are superimposed on 
the fundamental elliptical-shaped deflection pattern. This behavior was first demon
strated by Bulson (~. Plots of load versus horizontal expansion of cylinders buried 
in granular materials tend to have the same shape as the stress-strain diagram of the 
soil, as may be seen by comparing the soil stress-strain curves (Fig. 3) and the cor
responding load-deflection plots (Figs. 4 and 5) . The load-deflection relation would 
be expected to be linear only if the modulus of elasticity of the soil remains constant. 
As is readily observed from the soil stress-strain diagrams (Fig. 3), for the tests re
ported here , the modulus varies with load; consequently, it is necessary to use a mod
ulus in load-deflection relations such as the Iowa formula corresponding to the peak 
pressure producing the deflection of interest. A basic fault of the Iowa formula has 
been that the modulus used in the original formula was not related to any standard soil 
property readily measured in the laboratory. One of the aims of the reported research 
was to correct this deficiency. 

Deflections of the cylinders depend primarily on the applied pressure and the mod
ulus of the soil, as indicated by the Iowa formula . A heuristic development of the Iowa 
formula is readily achieved by considering the right (or left) one~half of the cylinder as 
an equivalent plate deflectil1g into the soil. In Figure 6, the average horizontnl dis 
placement may be expressed as (C 1Ax/ 2), and the effective width of the plate may be 
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Figure 3. Soi I stress-strain curves. 
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Figure 4. Load deflection curve, test 26. 

taken as CJ). The stress developed at the interface of the soil and the plate is C3KoP, 
where K

0 
is the coefficient of lateral earth pressure. Assuming that the shape factor 

needed to account for the length-width ratio is one (a satisfactory assumption for gran
ular soils), the effective soil modulus may be expressed as 

(1) 

where p is the surface pressure. This may be written as 

(2) 

which is the recognizable form of the Iowa formula for thin-walled cylinders. 
Luscher (3) has shown that the modulus for elastic systems is related to the confined 

compression-modulus, Mc, by the relation 

(3) 
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Figure 5. Load deflection curve, test 24. Figure 6. Deflected shape of cylinder. 
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Figure 7. Deflection curve, test 24 at 100 psi. 

where C4 is a constant (0. 577 for large soil thickness to diameter ratios). Substituting 
the latter relation in Eq. 2 gives 

(4) 

Back calculating the quantity C5 = C
2

G_iK0 /C
1
C4 from the test data gives a value of 1.0 

±15 percent. Therefore 

t = 2.ort (5a) 

Eq. 4 reduces to the easily rememberd relation 

(5b) 

where £ is the soil strain. Eq. 5 is compared with the test data for test 24 in Figure 5; 
it fits the test data well if Mc or f is taken at the pressure for which the deflection is 
to be determined. 

The test results show that the plots of surface pressure versus horizontal expansion 
for tests at a given density level are nearly the same. Differences in magnitude of the 
deflection within each of the three groupings are readily accounted for by differences 
in stiffness as indicated by the vane shear resistance. 

A typical deflected shape of a test cylinder is shown in Figure 7. The localized in
ward deflection at 170 deg near the bottom of the cylinder is the beginning of an inward 
buckle. 

Strains-Thrust and Moment-In all tests the strains remained elastic up to the time 
of failure, and in most cases, the strains at the sides increased approximately linearly 
with load. Regression analyses with strain as the dependent variable and density, angle 
of friction of the sand, cylinder thickness, and surface pressure as independent vari
ables were run using strain on the extrados at the sides, strain on the intrados at the 
sides, and the difference and sum of the strains on the extrados and intrados at the 
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Figure 9. Moments in cylinder, test 24. 

sides. The results show that sand type has 
very little effect on the strains induced at 
the springing (side) of a buried cylinder. 

Thrusts and moments induced in the cy
linder walls were determined from the 
strain readings. A plot of thrust as a func
tion of load for test 24 is shown in Figure 8. 
Most of the thrust-load plots were straight 
iines through zero; however, a few were 
offset from zero. The variation of moment 
with load at the top and side for test 24 is 

shown in Figure 9. As would be expected, there was a wide variation in induced mo
ments among the test cylinders; however, the moments in all cylinders remained less 
than the yield moment of the section in simple bending. They were, in most cases, 
considerably less than corresponding moments from the elastic theory. 

Arching-The thrusts at the sides of the cylinder were utilized to determine the arch
ing across the cylinder. In this instance, arching is defined as the shear in the soil on 
the vertical planes through the extreme sides of the cylinder; it equals the surface pres
sure times the radius minus the thrust at the side of the cylinder. The amount of load 
assumed by the soil is indicated by the vertical distance between the solid and dashed 
lines in Figure 8, where the dashed line represents the product of the surface pressure 
times the cylinder radius. 

Arching over any given cylinder is seen to be essentially a constant percentage of 
the surface pressure (Table 2). Analysis of the data indicates that there is also a rela
tively small dependence of arching on density. Arching for the systems at high initial 

TABLE 2 

ARCHING OVER CYLINDERS 

Test Experiment Arching Test Experiment Arching 
No. Design Conditions (~) No. Design Conditions (:') 

21 HHM 28 27 LLH 15 

22 MHH 3 28 HLL 40 

23 LHH 0 29 HLM 26 

24 MHM 13 30 LLL 18 

25 LLL 10 31 HHM 38 

26 HLL 26 32 MHH 33 
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density averaged 32 percent with a variation from 26 to 40 percent. Arching for the 
systems at medium and low density averaged 9 percent with a variation from O to 18 
percent. The reason for the discrepancy among tests at a given density level appears 
to lie mainly in imperfect seating of the cylinder during construction of the structure
sand system. 

An insight into the nature of arching in densely compacted sands can be obtained 
from the empirical Gill-True arching equation (10), which may be expressed as 

where 

and where 

A percent arching over structure; 
A0 maximum arching, %; 

n empirically determined constant; 
Ag geometry factor; 
Mc one-dimensional compression secant modulus; 
Pi interface pressure; 
C relative deflection between soil and structure; 
S plan perimeter of structure; 

d0 depth of cover; 
As plan area of structure; and 

D width of structure (cylinder diameter). 

This empirical relation has been found to fit all available pertinent arching data. 

(6) 

(6a) 

(6b) 

Eq. 6 can be solved for A if suitable expressions for p. and C can be developed. The 
average interface pressure may be expressed as 

1 

(7) 

From Figure 6, the average relative deflecUon belweeu the i.;uil uvet· the cylinder and 
that in the adjacent free field is 

(8) 

t::,,x is determinable from Eq. 5. Substituting Eq. 5 in Eq. 8 and Eqs. 7 and 8 in Eq. 6 
gives 

A 1-
Ao 

(9) 

For structures of rectangular plan, such as horizontally oriented cylinders, Ag may 
be expressed as 

(10) 

where L = length of Atructure. 
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Substituting this relation in Eq. 9 and solving the resulting expression to get the arch
ing terms on the left gives 

-3n- 1 +-do ( D) 
= e D L (11) 

Eq. 11 with A0 = 0. 87 and n = 0. 135, as determined for a sharp-grained sand, gives 
A = 37 percent, as compared to an average arching of 32 percent determined from the 
experiment for the cylinders in dense sand. 

For long cylinders, Eq. 11 indicates that the amount of arching is solely dependent 
on the depth of cover to diameter ratio. Analysis of the data shows a dependence on 
density not evidenced in Eq. 11; however, this expression appears to approximate arch
ing correctly for dense backfills. 

Since arching can be determined from Eq. 11, the induced thrust can be calculated 
from 

N = (1 - A) (p0 r + yd0 ) (12) 

where y = density. One might ask whether or not arching causes reductions in the 
horizontal expansion and the critical buckling load. For practical purposes the answer 
is no. The amount of arching over a thin metal cylinder subjected to a uniform surface 
pressure has no influence on deflection or the buckling load. The reason is that, as 
shown by Eqs. 5 and 16, the deflection and the buckling load depend primarily on the 
soil stiffness and not on the induced thrust. It is, of course, important to know the 
thrust for designing joints and insuring against unwanted compression yielding. 

Interface Pressures-For thin cylinders it is theoretically possible to determine the 
interface pressure from measurements of strain. One approach is to use strain mea
surements to determine the radius of curvature and then to utilize the fact that for cyl
inders of small stiffness the interface pressure is equal to the thrust divided by the 
radius of curvature. From the theory of plates and shells the unit strain due to bending 
is 

( 

where 

- _c (.! -.!) 
1 - £. P r 

r 

( = unit strain in outer fiber due to bending, 
r original radius of curvature, 
p deformed radius of curvature, and 
c distance from neutral axis to extreme outer fiber. 

Solving for the deformed radius of curvature gives the expression 

1 
p = .!_.!(1-£) r c r 

(13) 

(14) 

The term c/r is negligible compared to 1 for thin cylinders. Since the thrust is readily 
determined from strain measurements, for cylinders where the bending resistance is 
small the interface pressure may be expressed as 

. N p· =" -
1 p 

(15) 

Alternately, the matrix theory of structural analysis may be employed to find the 
interface pressures from moments and thrusts computed from strain measurements. 
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TABLE 3 

INTERFACE PRESSURE 

Interface Pressure 

Cylinder 
No. 

31 

32 

Surface 
Pressure 

(psi) 

10 

50 

100 

10 

50 

100 

Top 

' 1> p 

7. 3 7.2 

32. 0 32. 5 

61.6 61. 8 

5.0 5. 5 

25. 8 31. 4 

53. 1a 71. 5 

0
Values are low because of development of circumferential waves, 

p 

3.6 

20. 0 

40. 9 

5. 3 

28.1 

56. oa 

Side 

p = nodal preisure deteimin.od by matrix method using thrust and rnomonts as input. 
p' = lnJerfac::o pres~uro dotermined from radius of curvature and thrust, p == N/p. 

' p 

4. 8 

24.6 

48.9 

4. 8 

24. 7 

49.8 

The methodology and a computer code for accomplishing this have been developed (12). 
A comparison between the interface pressure determined from the two methods just 
outlined gives reasonable agreement (Table 3) , except at lligh loads when ch'cumferen
tial waves develop. The computer analysis shows that large interface shears develop 
and that the normal pressure distribution is fairly uniform, except that it is lower in 
the top and bottom regions than on the sides. It is worth noting that both methods may 
be used for determining the interface pressure distribution on a thin buried cylinder at 
specified times during a dynamic test. This is possible since the inertia of lhin cyl
inders will be very small compared to the inertia of the confining soil mass. 

Bottom view 

Bottom view 

End view End view 

Figure 10. Buckled cylinder, test 22 . Figure 11. Buckled cylinder, test 28. 
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TABLE 4 

FAIL URE LOADS 

Buckling Load (psi) 
Theoretical Cylinder Experimental Interface 

No. p p (1-A) o. 433p o. 612p 
Per 

21 220 170a 90, 7 128, 2 

22 237 180 145. 7 205. 8 

23 247 178 165. 7 234. 2 

24 266 246 98. 9 139. 7 

25 75 51 18.5 26.1 

26 123 81 40. 1 56. 6 

27 247 218 147. 1 207. 9 

28 121 75 39, 7 56.1 

29 300 210a 144.4 204.1 

30 73 59 21. 6 30. 6 

31 250 159 101. 0 142. 7 

32 150 191b 155. 0 219.0 

0 Not loaded to failure. bEstimcted from test 22. 

Buckling-Typical buckling failures for cylinders with high and low thicknesses are 
shown in Figures 10 and 11, respectively. Failures got progressively more severe 
until for the thinnest cylinder, test 28, there occurred essentially a complete collapse. 

Critical buckling loads of the test cylinders and corresponding values from the 
Chelapati theory (11) are given in Table 4. For large length to radii ratios, large radii 
to thickness ratios';" and large values of the so-called foundation coefficient (conditions 
applicable in the tests), the Chelapati theory may be expressed in explicit form for the 
case of all-around soil support as 

Per = 0.612 (16) 

and for the case of soil support only on the outward deflecting lobes of the circumferen
tial waves as 

Per = 0. 433 

where 

Per = critical buckling pressure, 
t = cylinder thickness, 
r = cylinder radius, 
E = modulus of the cylinder material, and 

Es = modulus of the soil = 0. 577 Mc. 

(17) 

These relations are applicable where the depth of cover equals one diameter or greater. 
As in the modified deflection relation, the soil modulus in these equations must be taken 
at the failure load. Since the failure load is not usually known, an iteration process 
may be necessary to arrive at the correct buckling load. 

The buckling data indicate that for very thin cylinders where circumferential waves 
are likely to develop Eq. 17 should be used. For values of the foundation coefficient 
greater than 5, 000, it should be sufficient to use the relation for all-around support. 

Other Considerations-There has been some question in the past about whether or not 
the effective properties of the soil surrounding a buried cylinder should be represented 
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as a hexagonally cross-anisotropic or other idealized material with different properties 
in the different principal directions. 

Results of the present research indicate that for structural design purposes, the 
modulus is the only soil property required, assuming that there are no water problems. 
The reason is that there is a small variation in K 0 for densely compacted granular back
fill materials; consequently, Ko does not enter the deflection or buckling equations. 

Of course, near the surface boundary the soil modulus, the coefficient of lateral 
earth pressure, and other soil properties and indexes of soil properties decrease rap
idly. Thus, for shallow depths of cover, crown deflections would be expected to be 
larger and critical buckling loads would be expected to be smaller than those indicated 
by Eqs. 16 and 17. Complete documentation of the experiments outlined may be found 
elsewhere (12). 

CONCLUSIONS 

From the experimental results and the coupled analytical investigations, it is con
cluded that: 

1. Sand type has little effect on the strains induced in a cylinder by the surface 
load. 

2. The coefficient of lateral earth pressure varies only slightly for surface loads 
greater than 10 psi and is not greatly different for the sharp-grained or round-grained 
dry sands. 

3. For the static design of buried thin metal cylinders, critical load and deflection 
relations employing only one soil parameter are adequate. (a) The pertinent modulus 
may be determined from the confined one-dimensional stress-strain curve of the soil. 
(b) The soil modulus used must correspond to the one-dimensional comp1·ession secant 
modulus at the surface pressure of interest. ' 

4. Deflections of thin buried cylinders corresponding to a given loading are governed 
by the soil modulus, which is primarily dependent upon the initial density of the soil. 
Vane shear strength is a good index of the initial density. 

5. Interface soil pressures can be determined from measurements of strain in the 
cylinder. 

6. Critical buckling loads may be determined from the Chelapati theory. For very 
thin-walled cylinders, the buckling load should be based on the relations for support on 
the outward acting lobes of the circumferential waves only. 

Relations for determining deflection, buckling, arching, and induced thrust are 
given- all of which arc dependent upon only one easily determined soil property, the 
one-dimensional confined compression modulus. These conclusions are limited to the 
conditions and configuration of the research presented. 
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