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ABSTRACT: Continual failures in buried pipes have been attributed to current design procedures based on Marston-Spangler theory. In 

order to prevent these failures, mechanical behavior of buried pipes was discussed as a soil-pipe interaction within the elastic theory 

framework, and a new concept that explains the mechanism on actual behavior of buried pipes was discussed. An FE elastic analysis 

established on this new concept was validated through a series of centrifuge model tests that well simulated actual construction procedures. 

This new design system can be applied to actual construction and should alleviate much of the failures experienced in the past.

RESUME: Les fréquentes ruptures dans les conduites enterrées ont été attribuées à leur dessin actuel, basé sur la théorie de Marslon- 

Spangler. Mais, pour les prév enir, le comportement mécanique des conduites enterrées a été étudié à partir de leur interactions av ec le sol 

dans le cadre de la théorie de l'élasticité, et une nouvelle conception qui explique le mécanisme a été proposée. Une analyse élastique de la 

méthode d'élément fini (FE) établie sur cette nouv elle conception a été validée par une série d'essais sur modèle à l'aide d'un équipement 

centrifuge qui a fidèlement stimulé la procédure actuelle de construction. Ce nouveau système de dessin pourra être appliqué à celle-ci et 

ainsi remédier à la plupart des ruptures intervenues dans le passé.

1 INTRODUCTION

Mechanical behavior of (earth pressure on and deformation of) 

buried pipes is a typical soil-structure interaction problem involving 

various factors. Current design procedures, however, are based on 

Marston-Spangler theory (denoted in this paper as the M-S theory, 

Spangler 1948) which ignores soil-structure interactions. Despite 

vigorous criticism for its many unreasonable assumptions and its 

even less applicability to actual construction situation, the M-S 

theory continues to be used because this theory is the only theory 

proposed hitherto which deals systematically with different 

behavior of buried pipes with respect to the two essential factors: 

construction procedure (type of pipe installation) and type of pipe 

material (rigid and flexible).

In Japan, many buried concrete sewerage pipes cracked during 

sheel-pile extraction. One of the authors investigated the cause of 

the failures through a full-scale field test using 1.8 m diameter 

concrete pipes (Tohda et al. 1985a), as well as centrifuge model 

tests using a rigid model pipe (Tohda el al. 1985b). The findings 

showed that significant earth pressure, induced by sheet-pile 

extraction, concentrated on the tops and bottoms of rigid pipes, 

causing the failures in the concrete pipes. Furthermore, this earth 

pressure concentration always occurred, in higher or lower inten

sity, in any type of pipe installation. The M-S theory cannot predict 

the actual pipe behavior al all, since this general phenomenon is 
utterly ignored in the theory.

Similar failures have continuously occurred in the world not 

only in rigid pipes, but also in flexible pipes such as PVC, FRPM, 

and steel pipes (Werner & Eichstadt 1991, Noppadol et al. 1991). 

These failures make it necessary to revise the current, M-S theory- 

based design procedure. In order to correct this urgent engineering 

problem, this paper discusses the mechanical behavior of buried 

pipes as a soil-structure interaction through elastic theory, and 

proposes a new design system which can be applied to actual 

construction instead of the M-S theory.

-DISCUSSION ON CURRENT DESIGN THEORIES

21 Comparison between actual pipe behavior and design

Through centrifuge model tests using three model pipes, named 

Rigid-pipe, Medium-pipe and Flexible-pipe according to their flexi

bilities, the authors quantified parametrically effects of various 

factors on the mechanical behavior of buried pipes (Tohda et al. 

1994a). Special attention was paid to ensure measurement accura

cy, as reliable earth pressures on flexible pipes were not obtained in 

the past, and the authors felt this was the critical obstacle for devel
oping a valid study on buried pipes. The measurement accuracy 

was verified through an excellent agreement between distributions 

of bending strains measured in the pipe wall and those calculated 

by the principle of least work under the measured earth pressure 

conditions, together with the satisfaction of force equilibrium.

Fig. 1 shows vertical and horizontal earth pressures, measured 

versus design, for the following three types of pipe installations: 

ditch-type with sheet-piling (Ditch-S), embankment-type (Embk.), 

and ditch-type without sheet-piling (Ditch-0). Data measured for 

Ditch-S are those recorded during simultaneous extraction of a pair 

of model sheet-piles placed at both sides of the pipe, at the moment 

when the lower ends of the sheet-piles were lev el with the top ol 

the pipe. Although sheet-pile extraction is not performed simultane

ously in actual construction, the data for Rigid-pipe were close to 

those recorded alter sheet-pile extraction in the full-scale field lest.

The intensities of the "measured" earth pressures for Embk. and 

Ditch-0 in the figure are increased to compensate for the reduced 

effect of frictional forces acting on Ihe inside walls ol the lest 

container. The measurement of frictional forces was achieved by a 

load cell mounted on the bottom of the container. This modilicalion 

does not diminish the measurement accuracy. The measured earth 

pressures for Ditch-S are not modified, as frictional lorces effect is 

lessened by soil movement into the vacant spaces left by the 

extraction of the model sheet-piles.

The measured v ertical earth pressures on the upper and lower 

halves of the pipes indicate thal a pressure concentration occurs at 

the tops and bottoms of rigid pipes, and that a stress relaxation is 

noted on llexible pipes. The figure also shows thal magnitude and 

shape depend strongly on the type of pipe installation. For Dilch-S, 

the measured horizontal earth pressures on all pipe types show 

concave-shaped distribution with least intensity at the pipe spring- 

line. Approximately uniform or concave-shaped distributions are 

seen for the other pipe installation methods. Also, it w as conlirmed 

thal Dilch-S generates considerably greater bending moment and 

deflection in the pipes than in the other installations.

Design loads in Fig. 1 were calculated in accordance with the 

JMAFF design standard based on the M-S theory (JMAFF 1988). 

The design loads ignore the drastic differences in the measured
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Figure 1. Comparison between earth pressures measured in centrifuge model tests and design loads (loose dry sand ground).

earth pressures due to the factors examined in the tests. The 

uniformly distributed vertical design loads and parabolic-shaped 

horizontal design loads are erroneous, and they lead to the failures 

of buried pipes, in particular, in Ditch-S.

2 2  Problem o f mechanism assumed in current design theories

The M-S theory explains the change in magnitude of the total earth 

pressure carried by the pipe, taking into account the type of pipe 

installation (Ditch-0 and Embk.) and pipe flexibility (rigid and 

flexible), through difference in the direction of frictional resistance 

acting on a pair of theoretical vertical slip planes. The M-S theory, 

however, cannot be applied to Ditch-S, the standard pipe installa

tion for large pipes in urban areas, because the frictional resistance 

on the ditch wall, which is the most essential factor in the theory, is 

eliminated by the sheet-pile extraction.

Here, let us discuss the other critical problem involved in the M-

S theory, that is, the unrealistic distributions of the design loads. 

First, the theory' assumes uniformly distributed vertical earth 

pressures for any pipe flexibility, and therefore cannot explain the 

mechanism of the pressure concentration on the tops and bottoms 

of rigid pipes and its relaxation on flexible pipes at all. Historically, 

the theory was authorized after measurements at several actual 

construction sites provided agreement with predicted values, 

including a box culvert case (Binger 1948). These measurements 

taken took the vertical pressure at the top of the pipe and multiplied 

it by the pipe diameter. These agreements are meaningless in 

validating the theory, however, because of the non-uniformity of 

the actual vertical earth pressures.

Second, the theory specifies the parabolic distribution shape of 

the horizontal earth pressure for a flexible pipe, by assuming thal 

the pressure intensity is proportional to the horizontal displacement 

of the pipe and that the pipe deformation is elliptical. This assump

tion corresponds to the ground surrounding the pipe acting as 

elastic springs fixed on the surface of the pipe. Design theories 

using such spring model explain the soil-structure interaction as 

follows. When an initial earth pressure acts on a flexible structure, 

the structure deforms. Then, the earth pressure changes its intensi

ty and shape with an increase in the deformation of the structure. 

According to this interpretation, however, the final earth pressure 

cannot be reasonably predicted because it strongly depends on the 

structure deformation which in turn is dependent upon the initially 

predicted earth pressure. Correct concept for the soil-structure 

interaction should provide only one earth pressure on and deforma

tion of the structure, being independent of such initial earth 

pressure. This misunderstanding of the M-S theory for the soil- 

structure interaction further generates the following problems:

1. The parabolic shape of the horizontal earth pressure specified 

by the theory is impossible as presented in the former section. The 

authors' study showed that frictional coefficients of soils on the 

surfaces of currently available pipes may change their values from

0.1 through 0.3 due to soils and pipe materials, and within this 

range, the actual condition at the soil-pipe interface is definitely 

close to smooth (full-slippage) rather than bonded (no-slippage).

The impossible horizontal earth pressure is due to the unrealistic 
interface condition (=bonded) assumed in the theory.

2. The design values of pipe deflection and stress in the pipe 

wall strongly depend on the passive reaction coefficient of the soil, 

E \ which determines the maximum intensity of the parabolic hori

zontal earth pressure. Therefore, the main concern in the study of 

buried pipes has been how to determine the appropriate value of E' 

to predict the realistic pipe behavior (Howard 1977). A reasonable 

value of E' cannot be obtained because unrealistic parabolic hori

zontal earth pressures assumption is employed in the prediction. 

Any modification of E' using this parabolic pressure, adopted in 

many design standards, is also unreasonable.

3. It is well known thal soil's spring coefficient K, equivalent to 

E' here, is not a soil's inherent property because it depends on (he 

dimension of structures. Mechanical behavior of soils, however, is 

dependent upon the soils' inherent properties. Although geotech- 

mcal engineers have vigorously accumulated data on soils' inherent 

properties, pipeline engineers being obliged to use the design 

standards based on the M-S theory cannot use these data at all.

There are many methods using the spring model to predict the 

pipe behavior other than the M-S theory, for example, beam theory 

on an elastic foundation, seismic deformation method, and some 

buckling theories; the design procedures for other underground 

structures such as shield tunnel linings and piles also employ the 

spring model. The problems pointed above create a fundamental 

question to them.

Among the design theories proposed hitherto, the ring compres

sion theory offers a concept for pipe behavior different from the M-

S theory (White 1961). Nevertheless, this theory also misunder

stands the soil-pipe interaction. It explains the interaction as 

follows. When an earth pressure acts on a flexible circular pipe that 

cannot resist bending, the pipe deforms due to the bending until 

only axial force is produced in the pipe wall, and the earth pressure 

changes its distribution to be perfectly uniform. When such uni

form earth pressure is applied to the pipe, however, the pipe wall 

can only shrink due to the axial force without deformation due to 

the bending, which contradicts the above explanation. It should be 

noted that internal forces and deformation of a pipe can be precisely 

calculated when a correct external force is applied to the pipe.

3 A NEW CONCEPT ON MECHANISM OF PIPE BEHAVIOR

Fig. 2 shows a two-dimensional elastic model to explain the mech

anical behavior of buried pipes as a soil-pipe interaction (Tohda & 

Mikasa 1986). In the model, a pipe with an external radius, a, and 

wall thickness, t, is inserted in an elastic medium with infinite 

boundaries. Young's modulus and Poisson's ratio a re  expressed as 

Hp and v for the pipe, and as E and v for the medium. When 

vertical stresses o Q were applied at a pair of infinite vertical 

boundaries, stresses on the pipe-medium interface and displace

ment of the pipe wall were calculated under the plane strain condi

tion in an usual manner of elastic theory using Airy's stress lunc- 

tion (Timoshenko & Goodier 1951). Boundary condition at the 

pipe-medium interface was assumed to be smooth or bonded.
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Figure 2. Two-dimensional elastic model.
Figure 3. Earth pressuress on a rigid pipe 

calculated by elastic analysis when k =0.
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Figure 4. Earth pressures on rigid model 

pipes measured in centrifuge model tests.
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Figure 5- Change in earth pressure on and deformation of buried pipe due to k  (E=9.8 MPa, v= l/3 , Ep=205.8 GPa, and vp=0.3).

Boundary condition at infinite lateral boundaries was free (ay=0) 

lor Ditch-S and KQ-condition (Ey=K0a0=v/(l-v) • a Q=0) for 

Embk.; a},=0 for Ditch-S corresponds to the condition that 

extracted sheet-piles leave vacant spaces in the ground. The 

calculation was performed for different v of the medium and 

different flexibility indices of buried pipes defined as K=E/(Sf/a3), 

where S^E^t3^  12( l-vp2)} is flexural stiffness of the pipe wall.

Fig. 3 shows distribution of vertical and horizontal earth pres

sures acting on the upper half of the pipe, calculated for k=0 cor

responding to the perfectly rigid pipe case. The left and right sides 

of the figure illustrate the distribution calculated under the smooth 

and bonded interface boundary for both Ditch-S (oy=0) and Embk. 

(ev =0). The figure shows that the earth pressures calculated under 

the smooth interface condition concentrate on the pipe top, more 

significantly in Ditch-S than in Embk., while the calculated earth 

pressures for the bonded interface condition are always uniform.

Fig. 4 shows earth pressures measured in the centrifuge model 

tests using a rigid model pipe with a smooth or a rough surface 

(Tohda etal. 1985b). Comparison between Fig. 4 and Fig. 3 indi

cates that the earth pressures measured for the smooth surface pipe 

are consistent with those calculated under the smooth interface con

dition in the respective type of pipe installation. On the other hand, 

the earth pressures measured for the rough surface pipe are incon

sistent with calculated ones. Nevertheless, the flat central parts and 

sloping side parts in the vertical earth pressures (Fig. 4) are respec

tively close to those calculated under the bonded and smooth 

interface conditions (Fig. 3) in both pipe installations, which 

suggests that the sand used in the tests slid on the side surface of 

the rough surface pipe. These results fully validate the analysis.

Fig. 5 shows change in the mechanical behavior of buried pipe 

due to k , calculated for Embk. (e .= 0) under the condition of 

dillercnt t and constant elastic moduli of both pipe and medium. 

The leli-hand figure illustrates non-dimensionally the change in the 

earth pressure at the center (top and bottom) of the pipe pv c/ao- 

total vertical earth pressure Pv/Dct0, vertical displacement at the 

pipe center w£ (=uc/(o0a/E)), and horizontal displacement at the 

pipe springline ws (=us /(oQa/E)), in which D: external diameter ol 

pipe, and uc and us: displacement of pipe at its center and spring- 

line. The right-hand figures show earth pressure distributions and 

shapes of the deformed pipe for different k  values. The ligure 

explains the change in the pipe behavior due to k  as follows:

When k< 1 , a pipe behaves as a rigid body without any deforma

tion; vertical earth pressure concentrates on its center (pvc/o0= 

I-67), and Pv/Do0=1.22. The distribution shape of horizontal earth 

pressure is concave. With an increase in k , the flexural stillness ol

the pipe wall (Sf) decreases, and deformation of a pipe is strength

ened as holding a shape similar to an ellipse (lwcl = lwsl). The non

uniformity of the earth pressure distribution is weakened. At 

103< k <107, a pipe almost loses its Sp earth pressure becomes 

almost uniform (pvc/o0 = Pv /Dcr0 = 1), but not perfectly uniform as 

the ring compression theory assumes. When k becomes greater 

than 107, axial stiffness of pipe wall decreases and a pipe shrinks 

to reduce an area occupied by it (lwcl >1 wsl); earth pressure 

decreases in intensity, holding almost an uniform shape. Finally, 

w hen k>1016, a pipe loses even its axial stiffness and only follows 

the ground deformation, being equivalent to a hole existing in the 

ground; naturally earth pressure is null. A similar tendency was 

obtained for Ditch-S (oy=0).

Thus, this analysis reasonably explains the change in earth pres

sure and deformation of buried pipes due to the type of pipe instal

lation, stiffnesses of pipe and soil, and interface boundary, without 

any contradiction involved in the current design theories. As a 

result, it reveals the mechanism of the pressure concentration in 

ngid pipes and its relaxation in llexible pipes that the current design 

theories utterly ignore. A design system based on this work utilizes 

the drastic differences in earth pressure caused by the different 

types of pipe installation. The analysis also clarified that the critical 

earth pressure concentration due to the sheet-pile extraction, which 

has caused failure in concrete pipes, is induced by the following 

three conditions: the smooth interface condition on the pipe 

surface, the high stiffness of the pipe, and the small lateral earth 

pressure at the ditch wall during and alter the sheet-pile extraction.

4 FE ELASTIC ANALYSIS ON CENTRIFUGE MODEL TESTS

To quantify the actual behavior of buried pipes, an FE elastic analy

sis for the centrifuge model tests, including Ditch-0 that the former 

elastic analysis could not treat, was earned out under the plane 

strain condition (Tohda el al. 1994b). In the analysis, the soil and 

pipe were assumed as linear elastic bodies. The soil's elastic 

moduli, E and v, were determined through KQ-compression tests 

using a rectangular box, in which axial strain E[ and lateral stress

o3 (=o2) at each level of axial stress cr, were measured under the 

K0-condition (e2=e3=0). E and v were obtained from Hooke's law 

through v^ia^/a,)^ l+a^/c^) and E=( l-v-2v2)/( 1-v) ■ (a,/E,). The 

tests rev ealed that v is constant in any level of Oj, while E depends 

on it. Thus, the E value used in the analysis was determined as that 

corresponding to the ground stress level al the mid-height ol the 

model ground. The following boundary conditions were employed:
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5 CONCLUSIONS

1. At the pipe-soil interlace: joint elements with normal and 

tangent shear stiffnesses of 1^=1000 kgf/cm2/cm (98 MPa/cm) 

and Ks=3 kgf/cm2/cm (0.29 MPa/cm) were inserted at the inter

face; the calculations were repeated, reducing the Kn and Ks values 

until stresses in the joint elements converge to create a semi-smooth 

condition with the separation, failure, and frictional slip. This inter
face condition generated earth pressures close to those calculated 

under Ks=0 (=smooth boundary condition), while a slight differ

ence in intensities of normal earth pressures at the lop and bottom 

of the pipe, together with tangential earth pressures, was seen.

2. At the lateral boundary in the ground (cf. Fig. 6): a) for 

"during the sheet-pile extraction" in Ditch-S: free within the region 

from the ground bottom to 0.5D above the lower ends of the ex

tracted sheet-piles, and K0-condition in the upper part, considering 

the soil movement toward the vacant spaces left by the sheet-piles, 

b) for Embk.: KQ-condition, and c) Ditch-0: rough ditch-wall 

condition considering the separation, failure, and frictional slip.

3. At the ground bottom: smooth condition was employed.

Fig. 7 shows the measured and calculated earth pressures on

Rigid-pipe and Flexible-pipe for the three pipe installations. The 

measured earth pressures in Ditch-S are those obtained at the 

moments when the lower ends of the extracted sheet-piles were 

level with the pipe springline for Flexible-pipe (when the pipe 

deflection became greatest), and with the pipe top for Rigid-pipe 

(when the bending strains became greatest owing to the highest 

pressure concentration on the top and bottom of the pipe). The 

"measured" earth pressures for Embk. and Ditch-0 are modified in 

the same manner as described in 2.1.

In each pipe installation, the measured and calculated earth pres

sures for both pipes create an excellent agreement, and as a result, 

both distributions of bending moment produced in the pipe wall 

and deflection of the pipe showed a good agreement between the 

experiment and analysis. The FE analysis also generated a good 

agreement with data measured for different model grounds con

structed with loose dry sand, decomposed granite, and silty sand. 

These good agreements indicate that even the analysis with an as

sumption of a linear elastic soil can simulate the actual behavior of 

buried pipes to a high accuracy, because the critical factors in this 

problem are the conditions both at the pipe-soil interface and at the 

lateral boundary in the ground, together with deformation proper

ties of pipe and soil. Thus, the FE elastic analysis can be employed 

as a new system for the design of buried pipes which is more prac

tical and reasonable than the problematical current design system.

Measured Calculated

1. Barth pressure on and deformation of buried pipes measured 

in centrifuge model tests revealed that earth pressure concentration 

on tops and bottoms of rigid pipes and its relaxation on flexible 

pipes occur, and their magnitudes strongly depend on the fo|. 

lowing three pipe installations: ditch-type with sheet-piling which 

is the standard type for large pipes in urban areas, embankment- 
type, and ditch-type without sheet-piling.

2. Marston-Spangler theory does not address the concentration 

nor relaxation of earth pressures because it assumes practically 

impossible load distributions, vertically uniform and horizontally 

parabolic, derived from its misunderstanding of soil-structure inter

action. Also, it cannot be applied to the ditch-type with sheet- 

piling, because frictional resistance on the ditch wall is eliminated 

by the sheet-pile extraction.

3. An elastic analysis using a two-dimensional symmetncal 

model revealed that the critical factors for the mechanical behavior 

of buried pipes are conditions both at the pipe-soil interface and at 

the lateral boundary in the ground, together with stiffnesses of pipe 

and soil. This provided a new concept to explain reasonably the 

mechanism of the concentration and relaxation of earth pressures 

and the resulting differences seen in the pipe installations.

4. An FE elastic analysis based on this concept yielded good 

agreement with measured results in centrifuge model tests. Thus, 

this FE analysis was proposed as a new practical design system of 

buried pipes to replace the problematical current design system 

based on Marston-Spangler theory.
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Figure 7. Comparison between earth pressures measured in centrifuge model tests and those calculated by FE analysis (dense dry sand).
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