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S U M M A R Y

This paper discusses the interaction between a buried cylindri
cal tube and the surrounding soil under high applied loads. It 
shows that the interaction phenomena are most effectively 
analysed by distinguishing three types of action, called pressure 
redistribution, deformation restraint, and arching. The nature of 
each of these actions is examined, and suggestions are made for 
improvements in analysis and design of tube-soil systems.

S O M M A IR E

On discute l’intéraction entre le sol et un tuyau souterrain sous 
l’action de pressions élevées. Les résultats démontrent que les 
effets de ces intéractions peuvent être analysés le plus efficace
ment en les divisant en trois catégories: répartition des pressions, 
résistance aux déformations et action de voûte. On examine les 
propriétés de chacune de ces trois catégories, et on suggère des 
améliorations couvrant l’analyse et le calcul des tuyaux sou
terrains.

a s  is w e l l  k n o w n ,  underground tubes have a load-carrying 
capacity far in excess of the resistance of tubes which are 
not buried. Interaction between the tube and the soil is 
responsible for this. Though one of the classical problems in 
civil engineering, this interaction is only partially understood. 
For example, it is by now routine to design safely, though 
often overconservatively, conventional installations of buried 
tubes; however, recent new and unusual installations have 
posed additional problems which can be solved only by 
extensive new research. Typically, these installations have to 
sustain very high pressures, applied as the overlying weight 
of an earth embankment, as traffic loads from highways and 
airfields, or as dynamic pressure waves from nuclear explo
sions in the case of protective construction.

This paper presents a general picture of the mechanism 
by which the surrounding soil enhances the load-carrying 
ability of a buried tube. It is based on an extensive review of 
the literature and the authors’ own research. The basic 
situation considered is the two-dimensional one of a long 
circular cylindrical tube, buried horizontally and loaded 
either by the weight of a high embankment or by static 
pressure applied on the soil surface above it. (The two situa
tions are equivalent if the depth of burial in the latter case 
is so great that the free surface has no effect on the tube 
behaviour.) Only dry, cohesionless soils are specifically 
considered; however, the conclusions apply in a general way 
to any soil.

It is recognized that any meaningful analysis of load- 
carrying capacity must be done on the structure-soil system, 

that is, must consider the interaction between the structure 
and the surrounding soil. This paper proposes to analyse 
interaction by distinguishing three types of action of the soil 
around a buried tube: pressure redistribution, deformation 
restraint, and arching. These beneficial effects are a counter
action, by redistribution of pressures in the surrounding soil, 
to the tendency of the tube to deform in various modes 
(Fig. 1).

1. The restrainment against tube deformations in the

Original Circular Shape ---
Deformed Shape----

Mode Two Mode Four

f i g .  1. Examples of modes of deformation of 
tubes.

second mode (that is, counteracting the deformation from 
the originally circular shape into a horizontal ellipse) by 
mobilization of lateral passive earth pressures is called 
pressure redistribution.

2. The action against deformations in the third and higher 
modes enhances the resistance of the tube toward buckling 
failure by forcing it to buckle in higher modes than in the 
unsupported situation; this action is called deformation  

restraint.

3. The reaction of the surrounding soil to tube deforma
tions in mode one (pure compression) or zero (rigid body 
motion) is called arching. Redistribution of pressure away 
from or onto the tube, depending on the relative compliances 
of tube and soil surrounding, is defined as active or passive 
arching, respectively.

The degree to which each of these three types of action is 
operating, and their relative importance, depends upon the 
characteristics of the structure-soil system. Specifically, some 
of the controlling parameters are (1) the depth of soil cover 
over the tube, (2) the relative compressibilities of the struc
tural tube and the soil it “replaces,” (3) the properties of the 
soil far from the tube and in the immediate vicinity of the 
tube (i.e., bedding), and (4) the type and distribution of the 
load imposed on the system. Further, the relative importance
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of pressure redistribution, deformation restraint, and arch
ing changes with the level of overpressure.

The interaction is discussed in terms of the three effects. 
It is realized that the distinction is somewhat artificial and 
arbitrary, since the effects operate simultaneously and thus 
undoubtedly influence each other. Nevertheless, the distinc
tion is useful for clarifying and organizing ideas.

P R E S S U R E  R E D I S T R I B U T I O N

To the present time no theoretical approach has been 
developed to predict the distribution of pressure acting on a 
tube buried in soil. The “ring-compression theory” (e.g. 
White, 1961) currently in wide use is based on intuition and 
extensive field experience. It postulates that the tube-soil 
system adjusts according to the imposed load so as to mini
mize bending in the tube wall by the following mechanism: 
At first, as long as the deformations in the system are small, 
the pressure acting on the tube is highly non-uniform. As 
the imposed load is increased, the originally circular tube 
deforms into a shape approximating a horizontal ellipse and 
in the process mobilizes lateral passive soil pressures. Soon 
any increments in pressure will be distributed around the 
tube in such a way as to cause pure hoop compression in 
the tube, which is the most efficient way to carry the load.

There exist qualitative as well as quantitative justifications 
for such an interacting behaviour between tube and soil, and 
satisfactory designs have been completed on this basis 
(Barnard, 1957; White, 1961). Recent small-scale experi
ments (Luscher and Hoeg, 1963; Marino, 1963) have also 
confirmed the above mechanism, and of the three types of 
soil action treated in this paper, pressure redistribution has 
been counted upon with most confidence.

However, the following basic question remains to be 
answered: What are the conditions under which a cylinder 
buried in a given soil behaves predominantly in a compressive 
mode? Field and laboratory data (Terzaghi, 1936; Peck and 
Peck, 1948; Whitman, et al., 1962; Bulson, 1962; Luscher 
and Hoeg, 1963) have shed light on the problem, and design 
recommendations (ASCE, 1961; Newmark, 1962) have been 
made on the basis of these data and much engineering 
judgment. These recommendations usually concern the depth 
of cover over and the properties of the backfill beside the 
tube.
Tests on very flexible tubes buried in sand (Luscher and 

Hoeg, 1963) are examples of laboratory experiments show
ing the significance of depth of burial on the behaviour of a 
structure-soil system. It was observed in these tests that the 
applied surface pressure required to fail the tubes varied 
only moderately with depth of cover, provided the cover was 
more than approximately 1/8 D (D = diameter of tube = 
1.6 in.). However, the mode of failure depended greatly on 
depth of burial. For a cover more than approximately 3/2
D , the failure consisted of a narrow longitudinal buckle (a 
type of failure treated in the next section), and the tube 
could not be brought to collapse even for applied pressures 
three times the pressure at buckling. Under continued load 
only a gradual widening of the crease occurred. Tubes buried 
with a cover less than approximately 3/4 D failed by sudden 
and complete collapse of the crown. A depth of cover be
tween 3/4 D and 3/2 D provided an intermediate condition 
of protection against collapse. From a structural point of 
view, the type of behaviour observed for the tubes buried 
below 3/2 D is highly desirable.

If the conditions of burial needed to develop the capacity 
of a cylinder in the compression mode are not satisfied,

“premature” failures may take place in the form of excessive 
deformations leading to caving in, local instabilities due to 
decreased curvature, or yield hinges leading to an unstable 
mechanism.

D E F O R M A T I O N  R E S T R A I N T

Deformation restraint was defined in the introduction as 
the prevention of third- and higher-mode deformations. It 
leads to a dramatic increase of the buckling resistance in 
comparison to the unsupported situation. The effect is 
analogous to the increase in buckling load of a column which 
has lateral elastic support (Timoshenko and Gere, 1961). 
This effect is intuitively understandable and has been exten
sively relied upon in buried-tube construction practice, but 
until recently the problem had not been accessible to ana
lytical treatment. The important question is whether this 
action can be depended upon to prevent buckling failure and 
thus to allow use of the yield stress of the construction 
material for design, or whether conceivably a high-mode 
buckling failure may occur. Recent experimental and theo
retical research (Luscher and Hoeg, 1963; Meyerhof and 
Fisher, 1963) showed that buckling of an elastically sup
ported tube is controlled by the equation

p*  =  2 V ( k sE I ) / r 3i (1)

where p* is the uniform, radial tube buckling pressure, E l  

and r are the flexural rigidity and the radius of the tube, and 
ks is a “modulus of soil reaction” relating the local soil 
pressure counteracting buckling to the strain Ar /r .

(a) Hollow Soil Cylinder (b) Soil-Surrounded Tube

■membrane

( c )  Bu r i e d  Tu b e

f i g .  2. Various soil o r soil-tube configurations.

To predict p* for a given tube, ks has to be known. For the 
simple geometry of a flexible tube surrounded by a thick 
cylinder of sand (Fig. 2b), ks, back-calculated from experi
mental failure data, was shown to be equivalent to the 
resistance of the soil ring to uniform, outward-acting pres
sure in the cavity. Thus ks was dependent on the ring 
geometry and the “elastic” soil properties. Since these 
properties are not constants in a soil, but depend on the 
stress pattern, k s is affected not only by the pressure p*  

itself, but also by arching conditions in the soil ring. Only 
for those combinations of soil and tube for which the arching
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Radius to Thickness Ratio r/t 

fig. 3. Strength of soil-surrounded tubes.
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fig. 4. Comparison of theory with buried tube data.

effect is negligible can the modulus ks be expressed as a 
function of p* alone, and the equation solved for p * .

On the basis of tests on thin-walled aluminum tubes, an 
equation of this kind was obtained for a thick cylinder of 
Ottawa sand around the tube. The application of this equa
tion to the failure conditions of smooth-walled tubes of

different materials assumed symmetrically surrounded by the 
same soil leads to the curves of Fig. 3. The figure demon
strates that the failure stress is controlled by buckling curves 
similar in nature to column buckling curves and is also 
limited by the yield stress of the material. More specifically, 
the figure indicates for various materials the critical radius- 
to-thickness ratio at which the failure mode changes from 
compressive yield to buckling.

Since these restraining effects are more important than 
pressure redistribution or arching in most situations of 
smooth, thin-walled tubes surrounded by competent soil, 
results from buried tube tests (Luscher and Hôeg, 1963; 
Bulson, 1962) were directly compared with theoretical 
predictions based on the above theory (Fig. 4). Although 
the data do not conform perfectly to the theory, as expected 
in view of the neglect of arching and pressure redistribution, 
the observed agreement is encouraging. It indicates that this 
theory represents a theoretical toehold on the problem and 
might well lead to a solution eventually, provided it proves 
possible to modify it to consider the effects of pressure 
redistribution and of arching for the general case of a buried 
tube.

A R C H I N G

As an indication of the recognized significance of arching, 
the ratio between applied overpressure and pressure acting 
on the tube may, according to experimental evidence and 
protective design recommendation (Newmark, 1962), be 
as low as 0.1 under conditions favourable for active (posi
tive) arching. Considerable experimental and theoretical 
effort has been expended to investigate the arching pheno
mena in soil, for example by Lane (1957), Whitman, et al.

(1962), Ang and Newmark (1963), and Mason (1963). 
However, owing to the difficulty of the problem, little basic 
information has been added to the knowledge summarized 
by Terzaghi (1943). The simplest of the arching theories 
considers the vertical equilibrium of the soil mass between 
assumed vertical sliding surfaces extending up from the 
structure (Fig. 5). The magnitude of contact pressure against 
any buried structure is at present predicted by this same 
approach with some elaboration (Newmark, 1962). This 
section discusses and evaluates some of the assumptions 
involved in a vertical-sliding-surface analysis and suggests a 
different way of looking at the arching phenomenon.

s ossumed height of sliding surfaces 

The analysis predicts pressure on trap door to be :

bu-t
k tan 

where

_!![,.e-.̂ V] + [ïth-22)+,]e‘

C, = soil strength properties 
J = unit weight of soil

f ig . 5. V ertical-sliding-surface analysis.
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The main uncertainty in the vertical-sliding-surface analy
sis is the magnitude of the lateral pressure acting normal to 
the sliding surfaces. In the expression for the predicted 
pressure at any depth (Fig. 5), the term involving the 
overpressure is very sensitive to K . Terzaghi states that the 
factor K  appearing in the analysis is an empirical coefficient. 
However, most investigators seem to assign values of K 0 

(Newmark, 1962) or K n (Spangler, 1960), where K a is the 
active pressure coefficient. The reasoning behind the assump
tion of such values does not seem to reflect the action taking 
place in the structure-soil system. In Terzaghi’s experiments 
(1936), the value of horizontal to vertical pressure increased 
with height above the trap door from 1 to 1.6 and then 
decreased toward K 0 at a height of about 2.5 times the width 
of the trap door. Ang and Newmark (1963) present results 
from trap-door tests performed with wooden toothpicks as 
“soil” material. By applying the sliding-surface analysis to 
their data, the average value of K  over the depth was back- 
figured to be 1.5. Similarly, data from the buried dome tests 
by Whitman, et al. (1962) indicate a value of 1.2.

The concept set forth here is that one should think of 
arching in terms of structural arches (or domes in a three- 
dimensional case) forming in the soil. The concept has been 
stated before (Engesser, 1882; Caquot, 1934 and 1957). 
There exists direct evidence that soil domes may form above 
yielding “roofs” (Terzaghi, 1936; Jenike, 1961). Thrust 
ring action in the soil around shafts and tunnels has been 
described and analysed (Terzaghi, 1943). Tschebotarioff 
(1951) states that “transfer of pressure by shear and arching 
are not synonymous.”

A clear demonstration of the thrust ring that may be 
developed has been provided by tests on hollow sand 
cylinders and on symmetrically sand-surrounded tubes 
(Whitman and Luscher, 1962). Theoretical and experimen
tal findings indicate that the capacity of a soil ring (Fig. 2a) 
to carry externally applied radial pressure may be expressed 
as

where the notation is as shown in Fig. 2a. By increasing the 
compressibility of tubes surrounded by sand (Fig. 2b), the 
ratio between the pressure p t on the tube and the applied 
pressure p n could be decreased down to a minimum of 
around 1/5 in these particular tests (Luscher and Hoeg, 
1963).
Even though the above tests investigated an idealized 

condition of “burial,” there is no reason why the same 
mechanism of pressure transfer as in a soil ring or shell 
cannot develop in the general case of a structure surrounded 
by soil. The difference between the action of the soil in these 
laboratory experiments and in the field is one of degree, not 
of nature.

Returning to the vertical-sliding-surface concept, it is seen 
that the correct lateral force to be used is the horizontal 
component of the thrust in the soil arch. The amount of 
thrust mobilization depends upon the overpressure and the 
curvature and allowed radial deformation of the soil arch. 
These in turn depend directly upon the characteristics of the 
structure-soil system as outlined at the beginning of the 
article.

S U M M A R Y  A N D  C O N C L U SI O N S

This paper proposes a distinction of three beneficial effects 
of the surrounding soil on the load-carrying capacity of

buried tubes. An analysis of the interaction between soil and 
tube in terms of the three effects leads to the following 
conclusions. The equalization of pressures all around the 
tube by “pressure redistribution” can safely be depended 
upon if the tube-soil system is properly designed and con
structed. Then failure will be initiated either by high-mode 
buckling or by compressive yielding of the tube. The 
“deformation restraint” provided by the surrounding soil is 
highly effective in raising the buckling resistance, but stability 
is still the design criterion in many cases of flexible tubes. 
Use of a corrugated instead of a smooth-walled tube can 
eliminate buckling in these cases. “Arching,” finally, is effec
tive in reducing the fraction of the applied load which 
reaches the structure. It is suggested that the soil-arch con
cept is more useful than the vertical-sliding-surface concept 
in the treatment of arching.

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

Research on soil-structure interaction has been going on 
for the past five years at the Department of Civil Engineer
ing of the Massachusetts Institute of Technology, under the 
sponsorship of the Waterways Experiment Station of the 
U.S. Army Corps of Engineers and the Air Force Weapons 
Laboratory, U.S. Air Force Systems Command. The authors 
gratefully acknowledge the guidance of Professor R. V. 
Whitman, who initiated and supervised much of this work. 
Credit also goes to Professor T. W. Lambe, Professor C. C. 
Ladd, and Professor H. M. Horn, all of M.I.T., who re
viewed this paper and contributed valuable suggestions.

R E F E R E N C E S

A n g ,  A . ,  a n d  N .  M .  N e w m a r k  ( 1 9 6 3 ) .  Computation of under

ground structural response. Report to the Defense Atomic 
Support Agency.

American Society of Civil Engineers (1961). Design of structures 

to resist nuclear weapons effects. Manual 42.
Barnard, R. E. (1957). Design and deflection control of buried 

steel pipe supporting earth loads and live loads. Proc. 

American Society for Testing Materials, Vol. 57, p. 1233. 
Bulson, P. S. (1962). Deflection and collapse of buried tubes. 

Hampshire, England, Military Engineering Experimental 
Establishment. A summary of this report is also given in 
Proc. American Society of Civil Engineers. 1963, Vol. 89. 
SM5, p. 95.

Caquot, A. (1934). Equilibre des massifs ä frottement interne.

Paris, Gauthier-Villars.
-------- (1957). La pression dans Ies silos. Proc. Fourth Inter

national Conference on Soil Mechanics and Foundation 

Engineering, Vol. 2, p. 191.

Engesser, F. (1882). Uber den Erddruck gegen innere Stütz
wände. Deutsche Bauzeitung, Vol. 16, p. 91.

Jenike, A. W. (1961). Gravity flow of bulk solids. Utah En
gineering Experiment Station, Bulletin 108.

Lane, K. S. (1957). Effect of lining stiffness on tunnel linings. 
Proc. Fourth International Conference on Soil Mechanics 

and Foundation Engineering, Vol. 2, p. 223.
Luscher, U., and K. Höeg (1963). The interaction between a 

structural tube and the surrounding soil. Report to U.S. Air 
Force Weapons Laboratory.

Marino, R. L. (1963). A study of static and dynamic resistance 

and behavior of structural elements. Report to U.S. Air 
Force Weapons Laboratory.

Mason, H. G., O. H. Criner, R. Waissar. and N. R. Wallace

(1963). A study of the dynamic soil-structure interaction 
characteristics of real soil media. Paper presented at the 
Conference of the American Society of Civil Engineers 
(San Francisco) October, 1963.

Meyerhof, G. G., and C. L. Fisher (1963). Composite design

399



of underground steel structures. Engineering Jour., Sept., 
1963 (journal of the Engineering Institute of Canada).

Newmark, N. M., and J. D. Haltiwanger (1962). Air Force 

design manual. Report to U.S. Air Force Special Weapons 
Center.

Peck, O. K., and R. B. Peck (1948). Experience with flexible 
culverts through railroad embankments. Proc. Second Inter

national Conference on Soil Mechanics and Foundation 

Engineering, Vol. 2, p. 95.
Spangler, M. G. (I960). Soil engineering. International Text

book Company.
Terzaghi, K. (1936). Stress distribution in dry and in saturated 

sand above a yielding trap-door. Proc. First International 

Conference on Soil Mechanics and Foundation Engineering, 

Vol. 1, p. 307.

-------- (1943). Theoretical Soil Mechanics. New York, John
Wiley.

Timoshenko, S., and J. Gere (1961). Theory of Elastic Stability. 

New York, McGraw-Hill.
Tschebotarioff, G. P. (1951). Soil Mechanics, Foundations and 

Earth Structures, chap. 10. New York, McGraw-Hill.
White, L. W. (1961). Largest metal culvert designed by ring 

compression theory. Civil Engineering, Jan., 1961, p. 52.
Whitman, R. V., and U. Luscher (1962). Basic experiment into 

soil-structure interaction. Proc. American Society of Civil 

Engineers, Vol. 88, SM6, p. 135. See also closing discussion 
to this paper in Proc. ASCE, Vol. 90, SM3.

Whitman, R. V., Z. Getzler, and K. Hoeg (1963). Tests upon 
thin domes buried in sand. Jour. Boston Society of Civil 

Engineers, Vol. 50, p. 1.

400


