
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


SOFT GROUND TUNNELLING AND BURIED STRUCTURES

XIII ICSMFE, 1994, New Delhi, India /  XIII C IM STF, 1994, New Delhi, Inde

CREUSEMENT DES TUNNELS ET DES STRUCTURES ENTERRE SOUS LA FAIBLE 
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SYNOPSIS: Tunnelling is soft ground causes ground movements which may induce damage or failures in adjacent existing buried structures or 
pipelines. This problem is encountered in urban areas where a rapid concentration of population and many underground construction projects are 
taking in place. Ground movements associated with cut-and-cover or shield tunnelling are described and methods to estimate or predict their 
magnitudes and to minimize or control their effects are introduced. Problems regarding the loads to be applied in the design of buried 
pipes/pipelines using conventional methods are pointed out referring to a series of centrifuge model tests which demonstrated that large 
deflections or stresses are induced in buried pipes during their installation, especially in rigid pipes during trench sheet-pile extraction. Various 
methods have been proposed for estimating displacement induced deflections or stresses in buried pipelines, however, in practice, it is very 
difficult to evaluate the magnitudes which have already been induced in existing pipes/pipelines.

FOREWORD

The report is devided into three sections:
Part A -  Soft Ground Tunnelling, Part B -  Buried Structures/Pipes/Pipelines 
and Part C -  Tunnelling Effects on Buried Pipelines. In the Preparation of this 
reports the writer was assisted by Prof. Osamu Kusakabe, and Part C was 
prepared by him.

INTRODUCTION

The title of this state-of -the-art report was given by the Organizing Committee 
as "Soft Ground Tunnelling and Buried Structures". The report, which has been 
prepared, deals with aspects related to ground movements induced by tunnelling 
in soft ground. These movements may sometimes cause trouble or damage to 
adjacent existing buried structures.

These problems are encountered in large cities built on soft ground where the 
concentration of population and buildings has advanced particularly fast, and 
there are many issues which have to be solved, both from the geotechnical 
engineering and practical points of view.

There are many cities built on soft ground which are experiencing population 
explosions and cities where redevelopment projects are underway to improve 
the city center functions. Tunnels, which form a part of each city's mass transit 
system, are important structures providing underground transportation 
functions in central urban districts. Main pipelines used to carry fresh water or 
sewage, and which lie close to these tunnels, are mostly large diameter 
structures lying deep beneath the ground. Although not called tunnels, they are 
constructed using tunnelling methods. Utility corridors, which are also tunnels, 
are used to provide space for electric and gas lines or other public utilities. It is 
possible to group these tunnels, pipelines, etc. together in the category of 
structures.

The most frequently used soft ground tunnelling methods are cut-and-cover 
tunnelling methods employing deep excavations with braced walls and shield 
tunnelling methods. Peck (1969) presented his state-of-the-art report "Deep 
Excavations and Tunnelling" in the 7th ICSMFE in Mexico, dealing with the 
problem of ground movements associated with deep excavations and tunnelling, 
in which he summarized much available data to demonstrate a relationship

between the width of the settlement trough and the depth of the tunnel for 
various tunnels in different soils, this has been a valuable reference for those 
involved in geotechnical engineering and construction work.

A quarter of a century has passed since that presentation, and during that 
interval, deep excavations and shield tunnelling have been carried out on even 
softer ground, their depth and diameter have increased remarkably, construction 
equipment and methods have improved, and there has been considerable 
research on ground movements.

Clough et al. (1989, 1990) reported on their excellent survey and study on 
ground movements induced by deep excavations, and related their predictions 
to the movement and control of braced walls in connection with the methods of 
construction of such walls.

Fujita (1989) presented the special lecture B "Underground Construction, 
Tunnel, Underground Transportation" at the 12th ICSMFE in Rio de Janeiro. 
This emphasized the great progress in construction equipment and methods, so 
that ground movements have been conspicuously reduced in Japan since 1985.

Buried structures can be divided roughly into two categories, culverts and 
buried pipelines. Pipes for buried pipelines have become extremely diverse 
recently, as regards types of materials, qualities, strengths, deformation 
characteristics, structures, depth of installation and methods of installation, etc..

The design method for buried pipes was proposed originally by Marston (1930) 
and Spangler (1941, 1948). Buried pipes/pipelines are designed by different 
procedures according to their stiffness, rigid, semi-flexible or intermediate, and 
flexible, while many design and analytical methods have been proposed by 
Murray (1974), Katona et al. (1976), Duncan (1979) and others. However it 
will be a longtime before a single design system can be established.

The deflection of buried structures is caused by earth pressure or loads from the 
surrounding soil. Buried structures are also subjected to a reaction force 
equivalent to these loads in magnitude from the surrounding soil when the 
buried structures are restrained by the ground to reduce their deflection. Such 
soil-structure interaction is conspicuously revealed in flexible buried structures 
rather than in those which are rigid, and is influenced by their stiffness relative 
to the ground.
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Because buried structures, particularly flexible ones, offer little resistance to 
ground movements, substantial deformation or stress is induced by ground 
movements, and this sometimes causes damage. Buried structures in urban 
districts are frequently installed close together so that existing buried structures 
are influenced by ground movements caused by the construction of buried 
structures which are added later. In soft ground, the effect of ground 
movements caused by tunnelling tends to be substantial. Tohda et al. (1984) 
pointed out that buried structures are subjected to considerable deformation or 
stress when they are constructed, but the magnitude of these varies according to 
the construction methods and the skillfulness with which they are carried out.

It is difficult to achieve good agreement between prediction and performance 
for the magnitude of ground movements occurring during the construction of 
buried structures. One major factor which is cited as a reason for this difficulty 
is the evaluation of the effect of the construction methods and the skill of the 
constructors. In the same way, it is difficult to compute the deflection and stress 
induced in existing buried structures by ground movements, but we have also to 
take into account the fact that the existence of buried structures acts to restrict 
and reduce the magnitude of the ground movements.

When a new structure is constructed, existing structures must not be damaged. 
A number of prediction methods to estimate the magnitude and extent of ground 
movements occurring in the surrounding ground during deep excavations and 
shield tunnelling have been proposed. Various guidelines, recommendations etc. 
have been established and precautions and counter measures should be taken in 
accordance with their recommendations.

In the case of buried pipelines at shallow depths, methods employed include 
exposing them or temporarily reinstalling them at safe locations. In the case of 
large buried pipelines at deep depths, large-scale countermeasures are employed 
and these measures cause additional ground movements.

Buried pipelines in soft ground are influenced by consolidation settlement of the 
ground, nearby construction, earthquakes, liquefaction etc. over a long time 
period. These cause additional stresses in the pipelines and also cause them to 
deteriorate substantially.

It is forecast that during the next 30 years the population will exceed 5 million 
in more than 40 cities, but even in cities with fewer than 5 million persons, it 
will be necessary to provide extensive underground transportation and 
underground infrastructures because of the concentration of the population and 
the need for a complete range of urban functions. Because most of these cities 
are located on soft ground, tunnelling will have a great influence on buried 
structures, and cause many problems related to geotechnical engineering.

SOFT GROUND TUNNELLING

Overview on Soft Ground

Many tunnels are now constructed for underpasses/subways, or for 
underground railways in urban areas. Tunnelling has also been used as a 
method of constructing pipelines to serve as large fresh water supply mains or 
storm water and sewage drainage systems.

Methods of tunnelling in soft ground include the cut-and-cover tunnelling 
method, the shield tunnelling method, and the New Austrian Tunnelling Method 
(NATM). The NATM method is only used in cases of ground for which qu > 
100 kPa, and E > 10 MN/m2. Pipelines are also installed by the pipe jacking 
method, but this ought to be omitted from a catalog of tunnelling methods. It is, 
however, a superior way of installing pipelines by thrusting pipes or tubes with 
a diameter of 1 m or less through the ground. The key factors behind a decision 
regarding which tunnelling method to select are cost-performance and 
environmental considerations.

The cut-and-cover tunnelling method has been used as a soft ground tunnelling 
method for a long time, and is particularly advantageous for shallow tunnels. 
The method is also employed for braced excavations for deep building 
basements and it is possible to regard it as a firmly established branch of 
construction technology. It is, however, being used less frequently, because it

occupies a considerable ground area, obstructs traffic, and is noisy.

The shield tunnelling method is generally effective for deep tunnels, and can be 
used to drive tunnels under existing buildings and structures, but advanced 
construction technology and experience are required to use this method. The use 
of the latest balanced face type shield machines equipped with automatic 
operating control systems and the new backfill grouting systems for the tail 
void have almost completely minimized ground surface settlement. A large 
initial investment is required, but the method has little effect on the environment.

NATM can only be used in good ground conditions with the strength indicated 
above, and with this method, the ground bears more load than the tunnel lining. 
This means that the ground movements are not small. When NATM is used, the 
impact on the environment is not great because little construction equipment 
and temporary work is required.

In order to prevent damage to existing structures by adjacent construction, 
some owners have established their own guidelines and recommendations. The 
allowable movements or notifiable values for underground structures caused by 
tunnelling, which are taken from these guidelines and recommendations, are 
shown on Table 1.

Table 1. Allowable and Notifiable Structure Movements Caused byAdjacent 
Tunnelling

Owner Type of Structures Allowable Movements 
(Notifiable Movements)

Japan Railways Tunnel Vertical i5mra
Metro. Rapid Trans. Corp. Tunnel Vertical ±5mm

Osaka Mass Transit Div. Underground Railyway 
Buried Strucutres

Settlement 9mm(6 mm) 
Inclination (80")

Nagoya Mass Transit Div. Underground Railyway 
Buried Strucutres

Settlement (5 mm) 
Inclination (180")

Tokyo Elect. Power Co. Outlet Tunnel Vertical +20 to - 40mm
Tokyo Gas Co. Buried Gas Pipe Movement Settlement

Ground Movements Associated with Cut-and-Cover Tunnelling 

Ground movements caused by deep excavations

Ground movements caused by cut-and-cover tunnelling occur at every stage of 
braced excavations. Because deep excavations temporarily disturb the 
equilibrium of the ground, it is possible to employ means of reducing the 
magnitude of ground movements, but it is impossible to completely eliminate 
these movements. Ground movements can be categorized as vertical and 
horizontal movements. The two are, however, interrelated, and if for example, 
braced walls cause a horizontal movement, it will be accompanied by vertical 
movement.

Figure 1 shows an example in which braced walls are in a dangerous condition. 
The stability number is Nb = 5 9, a number which exceeds the critical stability 
number Neb = 5.14 for base failure or failure by heave as defined by Peck 
(1969). In this case, because the shape is rectangular, the stability number is 
smaller than Neb = 6.5 to 7.5 given by Bjerrum and Eide (1956), but in Japan, 
Neb = 5 .9 to 6.0 can lead to base failure. The excavation also has the stability 
number Ns = 7 for earth pressure acting on braced walls. According to Peck, at 
Ns > 6 to 7, extensive plastic zones develop to at least the depth of the bottom 
of an excavation, and this corresponds to a condition which is a state of plastic 
equilibrium.

In the case shown in Figure 1, the maximum wall movement reached 
approximately 80 centimeters, and the load acting on the struts was almost 
double the value forecast at the design stage, but, fortunately, a collapse was
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Fig. 1. Distribution of Earth Pressure during Braced Excavation in Osaka 
(Fujita - 1974).

Fig. 2. Braced Walls for Excavation of Tunnel by Cut-and-Cover Method 
and Adjacent Bridge Pier.

Fig. 3. Horizontal Displacements of Wall and Bridge Pier Caused by 
Ground Treatments.

avoided. Id such cases, either the design of the structure should be changed to 
reduce the depth of the excavation or else ground treatment should be carried 
out to strengthen the ground prior to the excavation.

Ground Movements Induced by Ground Treatment

In order to strengthen the ground, either the density of the soil must be 
increased by means of ground treatment such as soil improvement or soil 
stabilization, or else a substance that fills voids in soil must be injected and 
allowed to set to increase the shearing strength of the soil. Ground treatment is, 
however, accompanied by ground movement, which may cause movement of 
surrounding structures.

Figs. 2, 3, and 4 represent a case record. Railway bridge piers are located at 
points approximately 10 to 20 m from the tunnel entrance shown in Figure 2. 
To guarantee safe railway traffic, the horizontal movement of the bridge piers 
caused by the tunnelling was kept at or smaller than 25 mm. The undrained 
strength of the soil at the bottom of the excavation was 45 to 60 kPa while the 
depth of the excavation was between 15 and 20 m. Ground treatment was, 
therefore, necessary because the stability number Nb was greater than 5 .3.

Distance (m)
10 5 2 0 Steel pipe wall

Fig. 4. Ground Movements and Deflection of Steel Pipe Wall Caused by 
Installation of Lime Columns.

(mm) (mm)
Fig. 5. Movements of Ground, Bridge Pier and Braced Walls Caused by 

Deep Excavation.
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In this example, after steel-pipe walls were driven into place, soil stabilization 
with lime columns was carried out between the walls for the concerned depth, 
and as a result, the shearing strength of the clay was increased to nearly double. 
As shown in Fig. 3, however a horizontal displacement between 20 and 264 mm 
was induced in the wall made of steel pipe-piles which had a diameter of 1,200 

mm, and horizontal movements between 6 and 23 mm were mHnrw) at the 
bridge piers between 8.6 and 23.1 m from the wall. In addition, horizontal 
movements of about 120 mm were induced at the ground surface about 5 m 
from the wall as shown in Fig. 4.

Soil stabilization by means of the lime columns, caused ground movements as a 
result of driving casing pipes due to the displacement of soil and the expansion 
of the lime as it absorbed moisture in the ground. Therefore, in order to reduce 
the magnitude of the ground movements, some of the soil was removed 
previously with a flight auger or casing pipes were driven alternately in to the 
ground.

Fig. 5 shows that during the excavation the walls were, on the other hand, 
deflected inward, and the maximum horizontal displacements were 43 mm and 
47 mm.

Ground Movements Induced by Wall Installation

The temporary wall construction method used is skeleton sheeting with small 
scale excavations, and soldier beams and lagging when the soil condition is 
good. However sheet-pile walls, sheet-pipe-pile walls, continuous concrete-pile 
walls (tangent pile walls, secant pile walls), diaphragm walls (slurry walls) are 
used as large-scale excavation support systems in soft ground.
The construction methods used to build these walls can be categorized as either 
installation by driving/vibrating or installation in holes/trenches. In the former 
case, the walls are generally removed after the excavation, while in the latter 
case, they are either left as they are or form part of the tunnel structure.
Because in the case of temporary walls, large ground movements are caused 
during driving or vibrating and during removal, it is often the case that despite 
the low direct costs, the costs required for measures to prevent damage induced 
by the ground movement result in the overall cost of the work exceeding that of 
using permanent walls.

Fujita et al. (1971) observed settlement ranging from 45 to 65 mm at a location 
about 1 m distant from where steel sheet-pile walls with a length of 20 m were 
driven in, but when soldier piles were driven at the same location, the settlement 
only ranged from 10 to 20 mm. Also observations performed 6 months after a 
14.65 m braced excavation was carried out using steel sheet-pile walls with a 
length of 17 to 18 m indicated that, as shown in Table. 2, at a point 2.5 m from 
the wall, about 50% of the total settlement was caused by the driving and the 
extracting of the sheet piles.

According to Clough et al (1990), ground settlement caused by the installation 
of diaphragm walls, with the exception of a few cases, ranges from about 5 to
15 mm, as shown in Fig. 6 . This is a result of the fact that although the ground

is loosened when a trench is excavated, the slurry filled in the trench acts to
resist the earth and water pressures in such a way as to prevent the trench from 
loosening and collapsing and this minimizes the magnitude of the settlement.

Ground Movements Induced by Wall Deflection During Excavation

During excavation, the braced walls are deflected, which induces ground 
movements, according to the following sequence.

1 ) Excavation is carried out for the installation of the first level of struts, but
because it is necessary to resist the soil to support the cantilever wall, a 
corresponding wall deflection occurs. Clough et al. (1990) used Fig. 7 to 
explain that if the depth of the excavation for the first level of struts is 
deep, ground movements will be large.

2 ) If  struts are assembled and left as they are, the joints in the struts, the
contact surfaces between the struts and waling, etc. will produce a plastic 
deformation when a load is applied. As the excavation proceeds, the load 
caused by the earth pressure acts upon the first level of struts, and elastic 
deformation occurs. In order to reduce these deformations, a preload 
equivalent to the load acting upon the first level of struts is applied.

Table 2. Ground Settlement at 2.5m from the Steel Sheet-pile wall during 

Braced Excavations(Fujita et al. -1971)

Sequences Cumulative Settlement in Each Sequence
Settlement (mm) (mm) (%)

After Driving Sheet-Piles 20 20 15
End of Excavation 43 23 17
Removal of Struts 65 21 16
Removal of Sheet-Piles 116 51 37
After 6 months 13t> 20 35

d/L Heave
0 0.5 1.0 1.5 2.0 1 2.5

Ô/L
(

(%)

1-- *■ I I I
h ---- ■* ■ 7 . 7 . - . ^ ------

o.i

0.2

V

d Distance from Excavation 
L Max. Trench Depth 
Ô Settlement
L Max. Trench Depth-%

Fig. 6. Summary of Measured Settlement Caused by Installation of 
Diaphragm Walls (Clough et al. - 1990).

Horizontal Displacement
M i l

Horizontal Displacement

Excavation support
Shaded areas 
are incremental 
movements

Potential toe 
movement if wall 
not keyed into 
stiff underlying 
soil

b) Deep Inward Movement

-H
Horizontal Displacement

Fig. 7. Typical Profiles of Movement for Braced and Tied-Back Walls (Clough et al. - 1990).
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3) The vertical distance between struts i.e. strut spacing, should be as large 
as possible, so that the excavation can be carried out efficiently. The 
stiffness of the wall , therefore, has to be increased. If  the strut spacing is 
larger, the load acting on the embedded part of the wall increases, and this 
in turn, increases the horizontal displacement or deflection of the wall. If 
the wall stiffness is increased, the magnitude of the wall deflection 
decreases. In order to reduce the ground movement, it is more beneficial to 
reduce the strut spacing.

The deflection of the wall increases with time, particularly in the case of clay. 
For this reason, the erection of the struts and the subsequent preloading have to 
be done as quickly as possible.

Tie-back anchors can be installed after the excavation is partially completed, 
and at this time the preload can be applied easily. This is, consequently,a 
method of bracing which is extremely effective in minimizing wall deflection. It 
is, however, necessary that there be no obstructions behind the wall. Because 
the length of the anchor is independent of the width of the excavation, in the 
case of a narrow excavation, such a tunnel this method is generally not 
economical.

Relation between the Horizontal Movement of the Wall and the Depth of the 
Excavation

As shown in Fig. 8, Clough et al. (1990) obtained the relationship between the 
depth of an excavation and the maximum horizontal movement of the wall in 
stiff clays, residual soils, and sands. On the average, horizontal movements are 
about 0 .2% of the depth of the excavation, but there are special cases in which 
it is 0.5% or more. Also as shown in Fig.8, no significant differences were 
noted according to the type of wall. Based on the authors’ experience with soft 
clays, the magnitude of the horizontal movement is within a range of 

approximately 60 to 300 mm regardless of the depth of the excavation, but 
there have been cases in which the maximum value was about 800 mm. The 
magnitude of the horizontal movements is substantially influenced by 
workmanship.

Because most horizontal movement occurs at the embedded portion of the walls 
between the completion of excavation and the installation of the struts at each 
level, the magnitude of the load acting on that portion and the type of soil and 
its properties are closely related to the magnitude of the horizontal movement. 
In order to reduce the magnitude of the load, it is necessary to reduce the 
distance between the struts to be installed and the bottom of excavation for each 
level. This should be kept as short as possible whilst allowing the work to 
proceed. Good workmanship is recommmended for minimizing the horizontal 
movement; no excavation below the planned elevation, no loosening of the 
surface of the excavation, installing struts as fast as possible, providing a 
preload properly, and so on.

Ô Hm: Max. Lat. Wall Movement 
— I--------------1---------- Soldier Pile & Log 

or Sheetpiles ] 
Diaphram Walls 
Soil Nail Walls 
Drilled Pier Walls 
Soil Cement Walls

(mm)
200

160

120

6  Hm

80 

40 

0

0 10 20 30
Depth of Excavation H, (m)

Fig. 8. Observed Maximum Lateral Movements for Insitu Walls in Stiff 
Clays, Residual Soils and Sands (Clough et al. - 1990).

Mana and Clough (1981) gave a relationship between the safety factor against 
base failure (basal heave) and the ratio of the maximum horizontal movement 
of the wall to the depth of excavation as shown in Fig. 9, after examining a 
large number of case histories If the safety factor is 2 or more, the magnitude 
of horizontal movement is about 0.5% or less of the depth of the excavation, 
and when the safety factor is nearly 1, it is 2% or more.

Also, they examined the influence of various factors on the magnitude of 
horizontal wall movement quantitatively, by means of FE analysis, in which the 
magnitude of the horizontal wall movement is shown to be reduced under the 
following conditions.

- The wall stiffness is large
- The stiffness of the struts is large.
- The firm layer is near the depth of the excavation.
- The width of excavation is narrower than its depth.
- A large preload acts upon the struts.

Fig. 9. Chart for Estimating Maximum Lateral Wall Movements and 
Ground Surface Settlements for Support Systems in Clays 
(Clough et al. - 1989).

Ôv/H

H Maximum Depth of Excavation 
(%)3J

Zone I : Sand and Soft to Hard Clay, Average Workmanship 
Zone II : a) Very Soft to Soft Clay

b) Settlements affected by construction difficulties 
Zohe in : Very Soft to Clay to a significant depth below bottom of 

excavation and with Nb>Ncb

Fig. 10. Summary of Settlements Adjacent to Excavations (Peck - 1969).
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Settlement of the Ground Surface Adjacent to Braced Walls

Fig. 10 given by Peck (1969) shows that the settlement of the ground surface 
caused by deep excavation changes with the distance from the wall, and both 
settlement and distance are given as a dimensionless plot based on the depth of 
the excavation. According to the diagram, the size of the settlement varies 
according to which of three categories of ground exist at the site. In other words, 
when the workmanship is average, the maximum settlement is less than 1% of 
the depth of excavation in sand and soft to hard clay, and is more than 2% in 
cases of very soft to soft clay with a significant depth.

With the development of recent design and construction technologies, however, 
the magnitude of settlements has generally declined, and according to Grant 
(1985), at a deep excavation of 36 m in stiff clay in Seattle, the maximum 
settlement was 0.1% of the depth. Also according to Uchida et al. (1993), in the 
case of a 36.6 m deep excavation in soft ground in Tokyo, the maximum wall 
movement was 35 mm, which was 0.1% of the depth, and the maximum 
settlement was 30 mm , which was 0.08% of the depth.

ô vm: Max. Soil Settlement

The magnitude of the maximum surface settlement tends to be either almost the 
same as, or a little smaller than, the maximum wall movement. Clough et al. 
(1990) gave the average maximum settlement as about 0.15% of the depth of 
excavation (see Fig. 11), while the maximum wall movement is considered to be 
about 0.2%, this indicating that the maximum settlement is about 75% of the 
maximum wall movement. They also reported that in the case of soldier piles 
and lagging or sheetpiles, substantial settlement occurred.

Ground Surface Settlement Profiles Adjacent to Braced Walls

Clough et al.(1990) gave the ground surface settlement profile in the 
dimensionless form shown in Fig. 12. It is possible to estimate the maximum 
ground surface settlement from the depth of excavation and soil type by using 
Figs. 13 and 14 so that a distance-settlement profile adjacent to the wall of an 
excavation can be prepared.

Braced Wall Excavation Using Observational Procedures

Instrumentation is provided on a vertical section of braced walls to monitor 
stress, and measure horizontal displacement of walls, earth and water pressures 
acting on walls and load acting on struts etc. caused by deep excavations at 
each stage of excavation. Using these data, new parameters are computed by 
back analysis, and compared with design parameters used at the design stage. 
Stresses, horizontal displacement of walls etc. to be checked at each stage are

0 10 20 30 40
Depth of Excavation H, (m)

Fig. 11. Observed Maximum Settlements Adjacent to Excavations 
(Clough et al. - 1990).
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Fig. 12. Dimensionless Settlement Profiles Recommemded for Estimating 
the Distribution of Settlement Adjacent to Excavation in 
Diffferent Soil Types (Clough et al. - 1990).

Fig. 13. Summary of Measured Settlements Adjacent to Excavations in 
Sand (Clough et al. - 1990).
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computed using the new parameters, in order to examine the safety of the next 
stage of excavations. If  necessary, the stiffness of the struts or spacing between 
them etc. are altered accordingly.

The above method is a very good tool for safety management, but there is a 
problem as to whether or not the results of instmmentation/monitoring are 
representative of the area currently being excavated. Increasing the number of f  
instrument locations enhances the reliability, but it is usually difficult to do so 
because of cost considerations.

Table 3. Relationship between Soil Condition and Settlement (Hanya -1977).

Soil layer at tunnnel face Soil layer above tunnel Settlement(mm)

Alluvial Soft Cohesive Alluvial layer 30 - 100
Diluvial Cohesionless Diluvial thinner than tunnel dia. 50- 80
Diluvial Cohesionless Diluvial thickier than tunnel dia. 1 0 - 30
Diluvial Cohesive Diluvial/Alluvial - 30

Ground Movements Associated with Shield Tunnelling 

General features of shield tunnelling

A shield is a structure that continuously supports the ground, and generally, it 
is a cylindrical steel shell which prevents the collapse of the ground at the 
heading of the tunnel at the same time as it provides the space required for the 
excavation and the lining as well. The skin plate of the shell is reinforced with 
ribs and ring girders, and equipment and devices are installed inside the shell. 
Built-in hydraulic jacks can be used to advance the shield forward, as shown in 
Fig. 15.

Table. 4 Breakdown of Ground Surface Settlements (Hanya-1977)

Factor of Settlement Settlement (%)

Fig. 15. Construction Sequence of Shield Tunnelling.

Ground movements, problems or troubles related to geotechnical engineering 
may arise in every stage of the tunnel construction. At the first stage, an 
excavation takes place for a distance equivalent to the length of one segmental 
lining, and if necessary, the face is supported by sheeting and jacks, or 
compressed air. During this process, the facc, particularly its crown area, must 
be stable. Even if the fece is stable, the face moves towards the interior of the 
tunnel, due to the release of stress around the face, and this induces ground 
movements or ground surface settlement.

At the second stage, the shield is advanced one ring length forward by jacks, 
thrusting against the lining already built. The shield should be advanced in a 
predetermined direction, in order to satisfy the curvature and gradient of the 
tunnel alignment. During this operation, the ground surface behind the fece may 
heave. At the third stage, the segments of one ring length are erected in the 
shield, after retracting the jacks.

At the fourth stage, the tail void which is developed between the segmental 
lining and the ground, about 5 to 10 cm in thickness should be completely filled 
with grout. If  the void has collapsed or been deformed before grouting and if 
grouting is insufficient, ground movement or ground surface settlement 
problems may occur.

Hanya (1977) summarized many data observed during conventional shield

Settlement due to relatively instantaneous movement
• Excessive removal of soil 27 3
• Volume of tail void 24 2
• Deformation of segmental ring 2.9 54.4

Settlement due to consolidation
• Regional ground settlement 11.1
• Consolidation caused by drainage, groundwater 34.5 45.6 100 

lowering reduction of compressed air pressure

tunnelling for metro lines in Japan, and proposed Table 3, which gives the 
maximum ground surface settlement to be expected for different ground 
conditions. The magnitude of the settlement has decreased gradually, as 
technology has advanced.

Hanya (1977) contributed a breakdown of the ground surface settlement as 
indicated in Table 4. In this example, compressed air was applied to obtain the 
fece stability, and approximately 46% of the total settlement was induced by 
consolidation of the ground, while approximately 37% was induced by 
decompression.

It is possible to reduce ground surface setdement by employing auxiliary 
measures such as ground treatment, by selecting suitable types of shield 
machines, and by applying new kinds of tail void grouting systems. In new tail 
void grouting systems, both simultaneous and immediate grouting with a 
special grout designed to produce no excess water which may induce the ground 
surface setdement, are employed during the advance of the shield machine 
under computer aided control.

In Japan, a combination of the balanced fece type shield machine and the new 
tail void grouting system under computer aided control was introduced in about 
1985. When this method is employed, the maximum ground surface settlement 
is reduced to 3 to 5 mm or even less under normal conditions, which is less than 
1/1 Oth of the average settlement caused by conventional shield tunnelling 
methods. The cost has remained the same because it has become almost 
unnecessary to use any auxiliary measures.

Types of shield machines and ground surface setdements

Various types of shield machines have been developed to increase the rate of 
advance of tunnelling, to save construction costs and to maintain fece stability 
under various ground conditions. The writer has classified these shield 
machines into three groups, open fece type, supported fece type and balanced 
fece type, according to the condition of interaction at the fece of tunnel.

In open fece type shield machines, either the full fece or part of the fece is open 
for excavation, and they can be used for ground which provides good fece 
stability. This type includes hand mining shields and excavator shields.

Supported fece type shield machines include blind shields and so called 
mechanical shields. The collapse of the fece is prevented by a bulkhead when a 
blind shield is used, and by a rotary cutting head for a mechanical shield. Soil 
that is taken into the shield through small openings in the bulkhead, or through
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It is possible to classify balanced face shield machines as either slurry shields 
or earth pressure balance shields, but in either case, a chamber is installed 
between the cutting head and the bulkhead, and excavated soil is taken into this 
chamber. The chamber of a slurry shield is filled with slurry, and it is 
pressurized so it will resist the ground water pressure. In the case of an earth 
pressure balance shield, water, slurry, foam, or other material is added and 
mixed in the chamber to lubricate the soil, and it is pressurized to resist the 
earth and water pressures of the ground. In other words, the balanced face type 
is designed so that the pressure of the chamber guarantees face stability, and is, 
consequently, able to reduce ground surface settlement.

Fujita(1981) gave Fig. 16, a plot of 94 cases of shield tunnelling within Japan 
which permits a comparison of the relationship between the maximum ground 
surface settlement and tunnel depth/tunnel diameter, with various types of 
shield machine types. Fig. 16 demonstrates that the magnitude of the settlement 
depends upon the type of shield machine employed. The settlements caused by 
slurry or earth pressure balance shield tunnelling are scattered, because there 
was little experience in operating these shield machines at that time.

sl i ts in the rotary cutting head, is f ree from pressure immediately.

Depth/Diameter Z/D 
0 2 4

Table 5. Summary o f  M ax. Ground Surface Settlement (Fuj i ta - 1982)
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Fig. 16. Maximum Settlements Caused by Various Type of Shield 
Tunnelling Methods (Fujita - 1981).

Fujita (1982) provided Table 5, a table which presents the same data as shown 
in Fig. 16 from a different point of view. It demonstrates how the maximum 
ground surface settlement is influenced by the type of shield machine, by the 
type of soil and by either applying or not applying auxiliary measures. It 
divides the cases into a group in which the settlement is large and a group in 
which it is small, under identical conditions.

An example of ground movements associated with shield tunnelling

Hirata et al. (1983) have reported on the results of measurements of ground 
movements etc. during the construction of parallel subway tunnels with an earth 
pressure balance machine in Osaka. The outside diameters of the tunnels were 
both 6.93 m, the distance between their centers was 15 m, and the depth of the 
center of the tunnels was 15 m. The tunnels were driven in alluvial strata and 
diluvial strata lay 20 m below the ground surface. The bottom one-quarter of 
the tunnels was in a sand layer, and the hydrostatic pressure of this sand layer 
corresponded to the depth from the water table which was 1 m below the 
ground surface.

Fig. 17 shows the horizontal displacements of the ground induced by tunnelling 
in the cross-section of the parallel tunnels. The ground around the first tunnel 
initially moved inward, but after the second shield had passed by , it changed to 
an outward movement. The maximum horizontal displacement was induced at 
the level of the crown of the tunnel, and reached 13 mm.

Fig. 18 is a cross section identical to that in Fig. 17, but it shows vertical

Type Type Auxiliary Max. Surface Settlement No. Other Set-
of of Measures (cm) of telements
Shiled Soil Max. Min Av. Max error case (cm)

Clay* Without 12 6.8 10 ±3 4(1)** 2.5
Clay Without 20 20 20 ±0 2

Open Clay/Sand Without 13 7 10 ±3 5(1) 3.5
Sand With 7 1.3 4 ±3 7
Sand With 25 15 20 ±5 3d) 10

Clay With 5 0.7 3 ±2 6(1) 10
Blind Clay Without 5.7 2 4 ±2 10

Clay Without 11.2 7.5 10 ±2.5 4

Clay Without 5 3.5 4 ±1 2
Slurry Clay/Sand Without 12 6 9 ±3 3

Sand Without 6.4 2 1 4 ±2.5 4

Clay Without 8.5 3.5 6 ±2.5 3
Clay Without 18.6 12 15 ±3.5 2

Earth Clay/Sand Without 2.5 1 2 ±1 3
Sand Without 6 3 4..' ±15 4
Sand Without 2.4 1 2 ±1 3d) 11.8

Notes: *: Diliuvial clay.
**: ( ) shows number of examples excluded from llie examinaiton.
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------Second shield face cutting
Second shield tail passing

Fig. 17. Horizontal Displacements Caused by Shield Tunnelling 

(Hirata et al. - 1983).

ground movements of planes at different depths. The ground temporarily 
heaved, but the maximum ground setdement was 27 mm, which was recorded 
two months after the first shield passed by, and 1 months after the second shield 
passed by.

Fig. 19 shows a longitudinal section of the tunnel and the ground movements 
before and after the passing of a shield machine. The ground heaved before the 
front head of the shield passed, and the maximum heaving of about 40 mm was 
recorded near the crown of the tail of the shield, but at the ground surface, it 
was approximately 3 mm directly above the working face of the shield. Also the 
maximum horizontal displacement of about 13 mm was observed near the 
crown of the working face of the shield, which may have been caused by 
friction between the skin plate of the shield and the ground.

According to this case history, it is necessary to pay attention to the fact that 
shield tunnelling does not induce the maximum ground movement at the ground 
surface, but at the level of the tunnel crown.
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Fig. 18. Example of Ground Settlements Caused by Shield Tunnelling (Hirata et al. - 1983).
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Ground surface settlement and settlement trough

At the 7th ICSMFE in Mexico, Peck (1969) contributed, in his state-of-the-art 
report, concepts related to the settlement trough in the ground surface caused by 
the construction of a tunnel by conventional mining methods, employing hand- 
mining or digger shields with or without compressed air pressure.

Peck found that the cross section of the settlement trough over a single tunnel 
can represented by the error function or normal probability curve, and the 
relationship between the dimensions of the tunnel and the shape of the curve is 
given in Fig. 20. Peck assembled 16 sets of reliable data available from various 
tunnels. There are shown in Fig. 21 in a dimensionless plot using the tunnel 
diameter (2R), depth of axis (Z) and point of inflection of the error curve (i). 
Fig. 21 indicates that it is possible to identify the results according to the type 
of ground conditions.

Fujita (1981) evaluated the relationship given by Peck as extremely reliable 
based on data from 43 cases obtained later in Japan. However, in the case of

tunnels driven by a new kind of balanced face type shield machine, where the 
values were plotted they were amongst those in the class of better ground 
conditions.

The shape of a settlement trough is determined by the values of the maximum 
settlement and the point of inflection of the error curve (i). Attewell (1981), 
O'Reilly and New (1982), and Leach (1985) et al. have proposed formulae for 
estimating (i). Obtaining the shape of the trough is important for predicting the 
effect of shield tunnelling on buried pipelines etc. located close to the surface of 
the ground.

Fujita (1989) suggested that the magnitude of the maximum ground surface 
settlement is influenced by various factors, such as type of soil, ground 
conditions, type of shield machine, method of tail void grouting, type of grout 
material, level of operation control, skill of the operators, workmanship, and sc 
on. Many formulae have been proposed for use in predicting the ground surface 
settlement, but these factors have not yet been fully studied.

First tunnel 'Second tunnel
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Ground surface

Ratio i/R is a function of Z/2R and soil conditions. 
Volume of trough = 2.5i

Fig. 20. Settlement Trough above Tunnel (Peck - 1969).
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Fig. 21. Relation between Width of Settlement Trough and Depth of

Tunnel for Various Tunnels in Differrent Materials (Peck - 1969).

measured. Reducing the volume of the excavated material and displacing the 
soil by the shield machine is not a satisfactory way to reduce the settlement, 
because it induces excess pore water pressure and causes consolidation 
settlement of cohesive soil, and so has the same effect as increasing the volume 
of the tail void grouting.

Causes of excess pore water pressure include, in addition to the above process, 
friction between the ground and the shield shell, thrust against the ground at the 
front head of the shield, ground water table lowering before, during, and after 
construction, and other factors. Water leaking into an underground railway line 
after construction is completed is, similarly, a cause of consolidation settlement 
O'Reilly et al. (1990) measured the settlement of an underground railway for a 
period of 11 years, as shown in Figs. 22 and 23.

100 1000

Time (days) 
2000 3000 4000

Fig. 22. Settlement Development Profiles - Grimsby 
(O'Reilly, Mair and Alderman - 1991).

Settlement Section A

Fig. 23. Settlement after 7 Days and 11 Years at Grimsby 
(O'Reilly, Mair and Alderman 1991).

The concept of ground loss is introduced to the subject of ground surface 
settlement. Ground loss is the volume obtained by multiplying the cross- 
sectional area of the settlement trough by the unit length, and in principle it is 
equal to the sum of the loosening of the ground around the face, the difference 
in volume between the tail void and the grout, the difference in volume between 
soil excavated and the tunnel section, and the volume due to the change in the 
soil density between the tunnel and the ground surface.

It is possible to operate a balanced face shield machine so that ground loosening 
does no occur. Treating the volume of the excavation as the volume of the 
tunnel section is difficult because the volume of the soil cannot be precisely

In order to reduce ground surface settlement, it is necessary to carry out the 
following procedures, using suitable automatic control devices.
1 ) The shield should be advanced in parallel with the excavation, not after the

excavation. The rate of advance should correspond to the volume being 
excavated.

2 ) The grouting should be done in parallel with the advance of shield, so as
not to develop any tail void.

Ground movements and auxiliary measures

In order to prevent problems that may arise during shield tunnelling, 
particularly the collapse of the tunnel face, and also to minimize ground
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movements, particularly ground surface settlement, various types of auxiliary 
measures are implemented before, during, and after construction. These 
auxiliary measures include dewatering, compressed air, chemical injection, jet 
grouting, freezing, soil improvement, underpinning, intercepting walls, and 
other methods, But they are all expensive to carry out, and most of them 
influence adjacent structures, or cause ground movements and many other 
secondary problems

The Committee for Research and Development and the Survey Subcommittee 
for the Shield Method of Tunnelling of the Japan Tunnelling Association (JTA) 
prepared a report in 1988, "Applicability of the Shield Method to Urban 
Tunnelling" for the International Tunnelling Association (ITA). This report was 
published in 1989 based upon data concerning 1,156 cases mvolving a total of 
1,171 kilometers of tunnels in 16 countries. However 95% of the data was from 
Japan.

According to this ITA/JTA survey, a statistical study of the cost of tunnel 
construction indicates that no matter what type of shield machine is used, the 
unit cost per one cubic meter of excavation is almost identical. The reason is 
that when an expensive advanced machine is used, both labour and auxiliary 
measure costs are reduced, offsetting the higher machine costs so the final cost 
is unchanged.

This report shows that during the 6 year period from 1980 to 1985, the 
proportion of shield tunnelling projects carried out with open face type shield 
machines decreased from about 20% of the total to about 5%, while the 
percentage carried out with the balanced face type increased from 
approximately 60% to 85% as shown in Fig. 24. Also and the number of cases

Year of 
commencement Percentage (%)

Type of 
shield machine

Earth
press.
balance
Slurry

£
Mech.

Blind

Excav.

Hand

Fig. 24. Percentage of Types of Shield Machine Employed in Japan by 
Year of Commencement 1980 to 1985 (ITA/JTA - 1989).
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Fig. 25. Ratio of Shield Tunneling with Applying Auxiliary Measures 
by Year of Commencement (ITA/JTA - 1989).
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Fig. 26. Ratio of Auxiliary Measures Applied in Tunnelling by Different 
Types of Shield Machine Employed (ITA/JTA - 1989).
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Fig. 27. Ratio of Troubles During Tunnelling by Different Types of 
Shield Machine Employed (ITA/JTA - 1989).

in which auxiliary measures were earned out decreased from about 75% to 
roughly 55%, as indicated in Fig. 25

The number of cases in which auxiliary measures were carried out, broken 
down by type of shield machine, between 1980 and 1985 was about 90% for 
open face type machines, but only about 50% when a balanced face type was 
used. The number of cases in which grouting was done, accounted for about 
80% and about 40% respectively of all projects, as shown in Fig. 26. During 
the same period, the number of projects in which trouble occurred, including 
complaints of noise, was about 50% for open face type machines, but no more 
than about 25% for balanced face types, as shown as in Fig. 27.

No adequate reports are available to estimate the magnitude of ground 
movements induced by the implementation of auxiliary measures, but Figs 3 
and 4, provided for the cut-and-cover tunnelling method, will likely serve as a 
reference.

Ground Movements Associated with the New Austrian Tunnelling Method

Because the New Austrian Tunnelling Method (NATM) is usually included in 
the category of rock tunnelling, involving the use of drilling and blasting, its 
support and lining methods have interesting characteristics More recently, 
however, the use of NATM, without blasting, for tunnelling in unsolidified soil 
which is not rock-soft ground in other words-has been tending to increase
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Existing substructure

Zone 1 : No restriction.

Zone 2 : As a minimum, tunnelling shall proceed by applying prudently selected 
method and techniques.

Zone 3 : Auxiliary measures shall be employed.
Displacements of existing structures shall be predicted and checked for safety.

Observation of displacements to existing structures:
Zone 1 : If necessary.
Zone 2: To be coducted.
Zone 3: Shall be conducted.

Dfi : 3/4 of length of penetration for bearing piles and caissons.
No penetration considered for friction piles.

Fig. 28. Extent of Protection for Adjacent Substructure of Expressway during Shield Tunnelling (Otogawa - 1983).

slowly, and it is being tried out in even softer ground.

According to Sakurai and Adachi (1988), conditions for its use are limited to a 
minimum unconfined compressive strength of qp = lOOkPa, and minimum 
modulus of deformation Es = 10 MN/m2, and most of the tunnel must be in
diluvial stratum. When the inflow of water is 100 1/min., or more, it is 
necessary to employ dewatering, compressed air, or other auxiliary measures in 
order to maintain face stability

Table 6 presents the relationship between face stability and soil gradation, but 
at the minimum application limits for NATM, the weight of fines passing 
through a 74 jim mesh must be at least 20% of the total. The magnitude of 
ground surface settlement when NATM has been used in soft ground, is 
considered to range roughly from 10 to 130 mm.

Table 6 . Tunnel Face Stability and Gradation of Soils

Stability of Face Weight of Fine Coefficient of
Passing 74 pm (%) Uniformity (Uc)

Unstable < 10 <5
Unstable/Stable 1 0 -2 0 5 <
Stable 20 <

Extent of ground movements and allowable movements of adjacent structures

When, for example, a single concrete pile is driven into the ground, the 
surrounding soil is displaced by the pile, causing a horizontal displacement of 
the ground and an increase in soil density within a range equal to about 4 to 5 
times the diameter of the pile. In this way, whenever some type of underground
construction is carried out, it has some effect on the surrounding soil and 
adjacent structures.' For example, it could be damage caused by ground 
movement, settlement, heaving, deformation , or increment of stresses.

In order to prevent existing structures from being damaged, owners have 
established their own regulations etc., for situations in which auxiliary 
measures should be taken. Fig. 28 shows the rules provided by the owners of a 
certain express way in Japan, for adjacent shield tunnelling. Table 1 shows 
allowable movements and inclinations or notifiable values which are determined 
by some owners in Japan.

Generally, in Japan, any organization which will construct tunnels should carry 
out necessary auxiliary measures to protect the existing structures after

examining the effect of tunnelling by means of FE analysis etc.. In most cases, 
buried pipelines are exposed.

BURIED STRUCTURES

Overview on Buried Structures

The term "Buried structures" can be defined as structures constructed 
underground including railway/railroad tunnels, sewage tunnels, storm drainage 
tunnels, subways/underpasses, utility corridors, etc., but in many cases culverts 
or pipelines are cited as typical examples of buried structures Buried pipelines 
are used as storm sewers, or to carry fresh water, sewage, gas, petroleum, 
steam, electricity, or for communications purposes.

These buried structures comprise part of the infrastructure required to maintain 
and to expand the activities of nations and cities, their construction, 
maintenance, and control have long histories. The average lifetime of such 
structures in the center of a city is considered to be between 25 and 50 years, 
but there are some which have been in use for longer than 100 years.

Materials used to manufacture buried structures have long included wood, brick, 
stone, clay, plain concrete, and various types of metal More recently, ductile 
cast iron, steel, reinforced concrete, prestressed concrete, plastics, etc. have 
come into use. Durable materials have been used, but it is believed that with the 
passage of time, their quality gradually deteriorates, and under the effect of 
ground subsidence, nearby construction work, the weight of structures built at a 
later date, or heavy traffic, old buried structures are subjected to deformation or 
stresses not forecast at the time they were designed.

The analysis or design of buried structures deals with the problem of soil- 
structure interaction, and is one of the most difficult aspects of geotechnical 
engineering. Recent materials include some with great strength but little rigidity, 
so this problem is now more complicated and difficult to handle than before.

When a buried structure is installed into a soil mass, the difference in mass 
between the soil which has been removed and the buried structure which has 
replaced it changes the form of the surrounding stress field according to the 
difference in stiffness. The equilibrium condition between the buried structure 
and the surrounding soil mass is reorganized, and pressure is redistributed by 
the distortional behavior of the buried structure For example, the earth 
pressure induces deflection of buried pipes, and this, in turn, changes the 
magnitude of the earth pressure. The degree and state of this alteration is 
determined by the relative stiffness of the pipe and surrounding soil.

Considerable research has been conducted on this soil-structure interaction 
issue, and the working group, Murray et al. (1989) has contributed research on
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buried structures edited by the Institution of Structural Engineers. They noted 
that the early research -  Marston and Anderson (1913), Marston (1930), 
Spangler (1941), etc. -  has contributed to the establishment of design methods, 
and White and Layer (1960), Kloppel and Glock (1970), etc. have contributed 
to design methods prior to the development of new analytic methods, while 
Katona et al. (1976), Duncan (1979), CIRLA (1978), and Murray (1974) have 
contributed to rigorous solutions. Young and Trott (1984) and Moser (1990) 
have published recent textbooks on buried pipes, and Watkins (1975) and 
Richards (1987) are responsible for chapters on buried structures in the 
handbooks.

Jeyapalan (1990) contributed a state-of-the-art review of pipelines in Europe 
and North America, and provided a detailed report on the conspicuous progress 
made in the last 20 years. Duncan et al. (1985) has researched metal culvert 
design methods, while Galili (1981), Howard (1981) and others have studied 
plastic pipe design. Progress has been achieved on the proposals by Duncan 
and Hartlay (1987) and Jeyapalan and Jaravillo (1989) on the E' values of the 
soil modulus used in plastic pipe design and steel pipe design, while the 
proposals for the pipe-soil stiffness ratio by Jeyapalan, Salevira and Boldon 
(1980) have also advanced.

Since about 1970, finite element analysis has been used to design buried pipes 
or pipelines, and Jeyapalan has recommended the use of the hyperbolic model 
parameters of Duncan and Chang (1971) when studying soil-pipe interaction. 
An extremely significant role has been played by the committees of the 
American Society of Civil Engineers in the study of the design and installation 
of pipes and pipelines, or their earthquake resistance.

In many cases, however, buried pipes have been damaged actually. This was 
believed to be the result of unskillful installation, deformation of the ground 
after completion, or the application of excessive loads, but Yuasa (1962), 
Matsuo and Horiuchi (1975) etc. pointed out that the source of the problem was 
either the size of the fill load proposed by Marston (1930), Spangler (1941) etc. 
or else it was the formula for computing the earth pressure. A series of 
centrifuge model tests was carried out by Takada et al. (1982) and Tohda et al. 
(1984 to 1990), and the results supported their opinions.

Classification of Buried Structures/Pipes

Intermediate stiffness structures have characteristics between those of rigid 
structures and flexible structures. Intermediate stiffness pipes are treated as 
either nearly rigid or nearly flexible depending on whether they are called semi
rigid pipes or semi-flexible pipes. Generally, the deflection caused by earth 
pressure and wheel loads lies within allowable values, and the structures are 
designed using the Spangler equations so that they will resist tension due to 
stresses caused by these factors and internal pressure. Though it depends upon 
the dimensions of the buried pipe, it is possible to assume that almost all pipes 
have stiffness in this category.

Flexibility index for buried pipes

The above pipe categorization based upon stiffiiess is in common use, but it is 
not quantitative. Based upon the results of research by Gumbel et al. (1982), 
the U.K. Transport and Road Research Laboratory has found the flexural 
stiffiiess ratio from the elastic modulus of various types of pipe material and the 
elastic modulus of backfill soil, ranging from 1 to 100 MN/m2 When Y<10, 
90% of the backfill load is carried by the ring bending action of the pipe, and 
when Y>1,000, the pipe carries no more than 10% of the load. The former is 
taken to be a rigid behaviour system ,the latter is considered a flexible 
behaviour system, while any lying between these two is an intermediate 
behaviour system.

Tohda (1986, 1990) organized a similar system and provided Fig. 29, based on 
the Ph.D. thesis of Gumbel (1983), but the writer added a little to it. The 
flexibility index given by Tohda is determined according to the following 
formula using the ratio of the soil elastic modulus to the flexural stiffiiess of 
the pipe.

where,

If : flexibility index(dimensionless)
Es : soil elastic modulus

: flexural stiffiiess of the pipe = EPI/(l-vP ̂ -r1

It is convenient to classify buried structures/pipes according to their stiffiiess 
for design purposes.
- Rigid structures/pipes
- Flexible structures/pipes
- Intermediate, semi-rigid or semi-flexible structures/pipes 

Rigid structures/pipes

Because rigid structures, reinforced concrete structures with relatively thick 
walls for example, are generally installed in deep locations, and their 
deformations or deflections are small, the degree of soil-structure interaction is 
also small. Their structural sections are designed for axial, shear, and flexural 
forces. The rigid pipe category usually includes concrete pipes and clay pipes, 
but these pipes are designed based upon Marston's load theory so they will not 
rupture under flexural tension.

Flexible structures/pipes

Flexible structures, thin-walled corrugated metal culverts for example, depend 
primarily upon the confining action of their surrounding soil mass for their 
structural integrity. Because the bending resistance of flexible structures is 
small, they are installed very carefully so »hat their original shape is maintained, 
in other words, so that little deformation occurs. The flexible pipe category 
includes plastic pipes, corrugated steel pipes, etc., which are designed using 
Spangler's deflection equation, Watkins' strain equation, or Luscher's buckling 
equation. The results of a series of centrifuge model tests carried out by Tohda 
et al. (1985 to 1990) and the review of Jeyapalan (1990), suggest these design 
methods are reliable.

Intermediate stiffiiess structures/pipes
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Fig. 29 Typical Ranges of Flexibility Index for Centrifuge Model Pipes and 
Various Buried Pipe Materials (Tohda et al. - 1986, 1990)
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Hp : elastic modulus o f  the pipe material

I : moment o f inertia per unit length o f pipe wall = f /12

t : pipe wall thickness

vP : Poisson's ratio for the pipe material

r : radius o f pipe outside wall

The values o f the flexibility indices o f the pipes in Fig. 29 were found by taking 

the soil elastic modulus Es at the minimum (r/t) and the maximum (r/t) for each 

pipe to be 0.5 MN/m2 and 50 MN/m2 respectively. According to this figure, 

when Ir is < 1, 1 to 100, and > 100, a pipe is categorized as rigid, intermediate, 

and flexible, respectively.This figure has been shown to be an excellent way of  

categorizing pipes because the results o f a series o f centrifuge model tests 

carried out by Tohda et al. (1985 to 1990) show that it clearly and properly 

represents the characteristics o f the pipes in each stiffness category.

Design Practice for Buried Pipes

Methods o f  designing buried pipes are introduced in various books, Young and 

Trott (1984), Moser (1990) etc., but design is, in principle, based upon 

regulations, codes o f practice, recommendations, guidelines, standards, etc. 

provided in each nation. These design criteria are recognized to vary widely 

according to the historical background, including the history of the materials 

each country has used. The sections o f buried pipes have been proven

Yes

Fig. 30 Example o f  Flow Chart for Buried Pipe Design 

Table 7. List o f  Design Loads for Buried Pipes/Pipelines

Major Design Loads

-External Loads Fill load(Earth and water pressures)

Wheel loads w/impact(Vehicle, train , etc.) 

-Internal Loads Internal fluid pressure

Surge pressure 

-Weights Self weight o f pipe

Weight o f contents inside pipe

Other Loads to be Considered

-Uplift or buoyancy 

-Load due to expansive soils 

-Load due to frost heave 

-Load due to consolidation of pipe zone layer 

-Longitudinal load due to thermal expansioa'contraction 

-Longitudinal load caused by differential settlements 

-Longitudinal load caused by ground movements 

-Load induced during pipe installation 

-Load induced by adjacent construction 

-Load caused by earthquake,etc.

appropriate to a certain degree through their long use, but the failure and 

damage o f pipes by earthquakes and nearby construction indicates that, in 

addition to the determination of cross-sections in the design, there are other 

problems that have to be studied. Fig. 30 shows an example o f the flow chart 

for the design of buried pipes and the loads to be applied to or acting on buried 

pipes are listed in Table 7.

Bedding o f  buried pipes

There are various types or classes o f bedding, and the three types primarily 

used in Japan are shown in Figure 31. Foundation piles are used in very soft 

ground. Type (a) is a natural bottom bedding, and the subgrade is trimmed or 

compacted. Type (b) is a granular bedding, and type (c) is a concrete cradle 

bedding, but their widths and thicknesses are determined by the condition o f  the 

ground and the pipe diameter. The bedding angle in the case o f  type (a) and 

type (b) has a value greater than that used for the design computations taking 

into consideration uncertainty during installation. In case (b) for example, 180 

degrees is used in an actual installation if the design angle ranges from 60 to 

120 degrees.

Fig. 31. Type of Beddings and Bedding Angle (0 ).

Loads for determining wall thickness o f buried pipes

During the design of buried pipes used to carry fresh water, sewage, and gas in 

Japan, external loads which include earth pressure and wheel loading, and 

internal loads which include internal fluid pressure and surge pressure are used 

to determine the pipe wall thickness.

Distribution of earth pressure and wheel load in buried pipes

Figs. 32 and 33 show the distribution of earth pressure and wheel loads used in 

the design of buried pipes used to carry fresh water, sewage, and gas in Japan. 

Pi and P2 in the figure can be computed by using formulae defined in each 

design criteria and the pipe material characteristics.

Determination of pipe wall thickness

The bending moment caused by external loads and the tensile stress caused by 

internal loads in the buried pipe are computed using the given formulae. These 

values are substituted in the pipe thickness formula which takes into account 

the safety factors set for each load, and the pipe wall thickness is estimated. 

When flexible pipe is designed, the ratio o f the deflection to the pipe diameter is

Pi(kPa)

P i/s in (a /2 )  I___ P i/s in (a /2 )

Fig. 32. Distribution of Earth Pressure on Buried Pipes.
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P2(kPa)

P 2 /s i n ( a /2 )

Fig. 33. D istribu tion  o f  W heel Loads on Buried Pipes.

to be less than 5% for PVD pipes used for water supply or sewage systems. For 

ductile iron pipes, any extra wall thickness is added as a corrosion allowance or 

casting tolerance. When the pipe/pipeline is not strong enough for longitudinal 

loading or other factors, the wall thickness is increased.

Loads and Earth Pressure Acting on Buried Pipes/Pipelines

Loads acting on buried pipes/pipelines are, as listed in Table 7, numerous, but 

the design deals with a number o f the principle ones in order to estimate the 

basic pipe wall thickness, and the method generally used to deal with severe 

loading conditions is to increase this thickness. On the other hand, a load 

smaller than the depth o f cover is applied as the load from the soil covering 

pipes/pipelines.

Buried pipes are set in place in various ways: installed using a tunnelling 

method or pipe-jacking method, or installed on the ground surface and 

embanked, but in almost all cases, they are installed in a trench, which is then 

back-filled with soil. The fill load induced by this back-fill or embankment acts 

upon the buried pipe, and the magnitude o f this fill load is known to vary 

according to a number of conditions. Factors influencing the fill load include 

those related to the geometry o f the pipe, ground conditions and placing 

conditions. The geometry of the pipe include pipe dimensions, flexural stiffness 

(pipe material, mechanical properties, etc.), roughness o f  the pipe periphery, 

bedding type and class, depth o f cover etc. Ground conditions include the type 

of soil, relative density, void ratio, water content, degree o f saturation, and the 

unit weight o f the original ground and the fill material, the ground water table, 

and other physical and mechanical properties. Placing conditions that determine 

the fill load are embankment, trench without sheeting, trench with sheeting, 

before, during or after sheeting, width of trench, depth of sheeting, method of  

wall bracing, etc.

The vertical soil pressure formula proposed by Marston and Spangler is 

convenient for design purposes, however, Yuasa (1962) and Matsuo and 

Horiuchi (1975) examined case histories in which buried pipes failed, and 

pointed out problems in the following assumptions; location of vertical shear 

plane, active earth pressure based on Rankin's formula, location of plane of 

equal settlement, coefficient o f friction between pipe and soil being constant 

with displacement, uniformly distributed vertical earth pressure and settlement 

ratio.

Tohda et al. (1986) pointed out that the method of Spangler when used to find 

vertical and horizontal earth pressures from observed data during experiments 

was not problem-free. In a word, Spangler gave the vertical earth pressure pv 

and horizontal earth pressure pr in Fig. 34 as p» = Ch and ph = Oy respectively, 

and Prakash et al. (1976) used the same method in their example of 

computation. Tohda on the other hand considers that, the following formula 

should be applied after a measurement o f .

pv = or» + Tiiytan0 and ph = oy + cot 0

Takada et al. (1982) and Tohda et al. (1984 to 1990) carried out a series of 

centrifuge model tests, and found that observed values related to the magnitude 

and distribution o f  vertical and horizontal earth pressures acting on model 

buried pipes in sands coincided extremely closely with the computed values

Equations Proposed by Tohda et al. 

A C ( a xc o s 0 + x  s in 0)

Pv =
A C  sin 6 

=  o x +  x „ ta n 0 .

AC(crv s in 0  +  x „ c o s 0 )

Ph =--------t r  ■ a ------------A C  sin 0

Corrugated-metal-pipe

Fig.. 34 . Spangler's Experim ent and Equations o f  Pv and Ph 

(Tohda et al. -  1986).

F ig . 35 D istribution o f  N o rm al and Tangential Earth Pressure on Three  

T yp e o f  Pipes Installed by Embankment M ethod (Tohda et al. -

1990)

obtained from FE analysis. Accordingly, this research on buried pipes is 

valuable.

Research carried out by Tohda et al. includes experiments concerning cases in 

which rigid, intermediate, and flexible pipes are installed in dense or loose 

sandy ground either in a trench with sheeting or in an embankment. A particular 

feature of these experiments is the measurements starting prior to the sheet-pile 

wall extraction and ending after extraction. Some o f the results of the 

measurements on rigid and flexible pipes in dense sand will be introduced.

The observed values of the normal and tangential earth pressures applied to 

rigid or flexible pipes are shown in Fig. 35 for those buried pipes installed 

using the embankment method, and in Fig. 36 for those installed using the 

trench with sheeting method. The plots clearly differ in the two cases, but this 

agrees with the theories of Spangler and Marston.

According to Fig. 36, both the magnitude and distribution of the earth pressures 

prior to the extraction of the sheet-pile wall from the trench, were different from 

those during its extraction, and after it was extracted, and the pressure was 

particularly large during the extraction. The earth pressure during extraction 

acted for an extremely short period of time, so that the earth pressure after 

extraction must be applied for the design of the buried pipe. Yuasa et al. 

discovered, through on-site experiments, that when a sheet-pile wall is removed, 

the load acting on buried pipes is greater than the design load as designated by 

Marston-Spangler, and proposed that this has to be considered as an additional 

load. However because the loads before and during the extraction are 

temporary loads, the load after extraction must be the design load for buried 

pipes installed using the trench with sheeting method.

Fig. 37 shows that there is good agreement between the observed bending 

strains of buried pipes with the computed values obtained by FE analysis, at 

each step of prior to, during and after the sheet-pile wall is extracted from 

trench. Fig. 38 shows a comparison of the distribution of the vertical and

--o— Rigid-pipe  

— a -  Intermediate-pipe 

Flexible-pipe

pv -  a  +  T ta n 0  

ph = c r - rc o tO  

P, “ Pv
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Fig. 36 . D is tribu tion  o f  N o rm a l and Tangential Earth Pressures on Three T yp e  o f  Pipes Installed b y  Trench M eth od in  Dense Sand (Tohda et al.

Before Sheet-pile Extraction  

D u ring  Sheet-pile Extraction  

A fte r  Sheet-pile Extraction

— o - -  

— -tk—

- 1990).

T  rench Pv/YH Embankment pv/yH

Y H  : O verburden Pressure --------  Flexible-pipe

Fig. 37 . D istribu tion  o f  M easured and Calculated Bending Strains in 

Buried Pipes Installed by Trench M ethod in Dense Sand 

(Tohda et al. -  1990)

horizontal earth pressures acting on a buried pipe when a sheet-pile wall is 

being extracted from a trench and the observed values obtained when buried 

pipes are installed using the embankment method It indicates that the plots of 

their distribution are completely different.

Tohda et al. provided results in which the observed values and computed values 

were in agreement for cases in which the trench width, the roughness o f the 

surface o f the buried pipe, the density o f the ground, the depth of cover, etc

Fig. 38 . D istribu tion  o f  V ertica l and H orizontal Loads on Buried Pipes 

Installed by Trench and Embankment Methods in Dense Sand 

(Tohda et al -  1990).

were varied. There is a question of whether or not it is possible to demonstrate 

the behaviour of full-sized buried pipes by centrifuge model tests. However 

these results can be considered to be sufficient for practical purposes.

Stress and Deformation Associated with the Installation o f Buried Pipes/ 

Pipelines

Buried pipes may fail or crack under stress or deformation during handling, 

shipping and storage, and failures also occur due to carelessness during 

installation.

|R igid-pipe 1

-1000

|Flexib le-pipe|

(It)

2000
M easured Calculated

o----------

El----------

A ----------

Before Sheet-pile Extraction  

D uring Sheet-pile Extraction 

A fte r  Sheet-pile Extraction

Strain
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Jeyapalan (1990) pointed out that the magnitude of a construction-induced 

deflection would depend on the stiffness o f the pipe, quality control o f the pipe 

material and wall construction, stiffness o f the soil embedment, stiffness o f  the 

native soil, type of shoring systems used, dewatering techniques used, skill of 

the contractor, handling o f  the pipe, compaction control, level of inspection 

provided in the field, etc.. Also in order to complete a good installation, it is 

essential to chose an appropriate trench width, considering stiffness o f the pipe, 

stiffiiess o f the native soil, stiffness o f the trench fill, location of the water table, 

loading, depth of cover etc..

Jeyapalan (1990) also showed that the results of FE analyses provide a 

comprehensive picture o f the behaviour o f the pipeline under a variety of 

loading conditions. The analyses can give information such as:

- deflected shape o f the pipe along the length of the line

- deflected shape o f the pipe in chosen-sections

- stress and strains along the length of the pipe wall

- stress and movements in the soil around the pipe

Because the conditions which need to be considered are, as stated above, 

numerous, it is very difficult to verify the results o f these analyses on-site, and 

also to predict the deflection and stress o f buried pipes/pipelines induced by 

adjacent construction work.

According to Fig. 37 given by Tohda et al. (1990), the bending strain of buried 

pipes after the extraction of the sheet-pile wall is about 2 times as large as the 

strain prior to extraction in the case o f rigid pipe, and about 10 times as large in 

the case o f flexible pipe.

Fig. 39 shows that when rigid pipe is used, the pipe deflection after the sheet- 

pile wall extraction only increases about 0. 1% to 0.2% over the pipe deflection 

prior to its extraction, but that when flexible pipe is used, the deflection 

increases from 6 to 10 times over its pre-extraction level, which is 

approximately 4% to 5% o f the pipe diameter. Furthermore, after the sheet-pile 

wall extraction, the pipe deflection does not increase even when a load of  

approximately 150 kPa is applied to the ground surface.

Fig. 36 shows that by extracting the sheet-pile wall, the vertical earth pressure 

acting on the pipe periphery is approximately doubled for both a rigid and a 

flexible pipe, but the horizontal pressure only increases by about 1/2, indicating 

that this caused conspicuous change in earth pressure. The earth pressure 

distribution, however, is not altered by the approximately 150 kPa loading later 

applied to the ground surface.

In conclusion, the research o f Tohda et al. shows that because the magnitude o f  

the deflection, stresses and earth pressures induced by the extraction o f the 

sheet-pile wall is as large as the design values obtained by conventional buried 

pipe/pipeline design methods, the safety factors provided at the design phase are 

lost, and this, it must be said, is a problem with serious implications for the 

safety o f  buried pipes/pipelines.

A D  Elevation of --------------- --------- Dense Sand z)D/D
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/  Flexit le-pipe
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- I" * H ------I------1 n
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Fig. 39. Ring Deflection of Buried Pipes Installed by Trench Method in 

Sands during Extrating Sheet-piles and Surface Loading 

(Tohda et al. - 1990).

Tunnelling inevitably causes ground movements which , in turn, induce local 

deflections and correspondingly additional stresses within existing buried 

structures. Excessive stresses and deflection may lead to failure/rupture o f the 

structures or leakage of the fluid from the buried pipes, such as gas and water. 

Since grave consequence of gas explosion is anticipated if  the gas pipeline was 

damaged, gas industries are very much cautious about the influence of 

excavation or tunnelling adjacent to existing gas pipes, and have tried to collect 

the field data, for example Howe (1982) of British Gas, and Takagi et al. of 

Tokyo gas (1985).

The problem of behaviour o f buried structure due to ground movement is one of 

typical soil-structure interaction problems, and is analogous to those o f pile 

subjected to lateral ground movement or pile in settling or swelling soils. In 

these problems, ground and structural stiffiiess is a key factor affecting the 

behaviour of soil-structure systems. Thus the size and material o f structures 

and their burial depths are o f importance for design considerations.

Three design approaches are commonly adopted; subgrade reaction method 

(known as Winkler model), elastic continuum method, and computer based 

numerical methods, such as finite element method (FEM), Boundary element 

method (BEM) and other hybrid methods incorporating various soil models, 

different configurations and construction sequence. Contributions by Watkins 

(1975), Attewell et al. (1986) and Sinha (1989) serve as a reference book for 

design of buried structures and sources of information about the influence of 

ground movement on buried pipes. The book by Attewell et al. provides useful 

several working examples. It is still true that the subgrade reaction method is 

the most commonly adopted in practice and considered to be suitable for 

practical design situations, although some feels that the elastic continuum 

method is better than the Winkler model. To simulate more complex 

construction sequence such as shield tunnelling crossing under/over existing 

tunnels, a more sophisticated numerical analysis is necessary to arrive at 

reasonable predictions. For these purposes, FEM simulations has become 

increasingly popular (Kobayashi and Nishimatsu, 1982, Ghaboussi et al., 1983, 

Yamada et al., 1986, Ng et al., 1986, Nakayama et al., 1988, Rowe and Lee,

1992, Hightetal., 1993)

Effect o f  ground deformation due to tunnelling may be divided into two aspects: 

immediate ground deformation (time independent) and long-term ground 

deformation (time dependent). The subgrade reaction method has conveniently 

been used for time-independent ground deformation and their influence on small 

diameter buried pipes such as gas pipes. Classical works o f Hetenyi (1948) and 

Vesic (1961) remains a useful reference. Crofts et al. (1977) proposed a 

method o f estimating the horizontal movement of a long shallow pipeline due to 

the nearby excavation and backfilling of a long deep trench parallel to the 

pipeline using the Winkler model. Tarzi et al. (1979) extended this approach to 

examine a regularly jointed pipelines. The success of the subgrade reaction 

method is largely dependent o f the appropriate selection o f the coefficient of 

subgrade reaction, K value. Hyodo et al. (1991) conducted prototype scale 

model tests for determination of the K values, using up to 600 mm gas pipes.

The subgrade reaction method cannot incorporate two dimensional movements 

in the analysis. Nath (1983) carried out a set of three-dimensional elastic FEM 

analysis to examine the effect o f unsupported rectangular excavation on 

adjacent buried pipes with small diameters. He concluded that small diameter 

pipes closely follow the ground movement and the moment induced in pipes 

may be assumed to be directly proportional to their flexural rigidities and 

inversely proportional to the elastic modulus of the soil. He then successfully 

compared the induced strains o f pipes predicted with those measured at several 

clay sites. Kusakabe et al. (1984) supplemented the centrifuge data o f pipe 

strains induced by an adjacent vertical shaft excavation in sand.

Excessive earth pressures surrounding soil due to ground movement may cause 

buried pipes to buckle. Moore (1987, 1988) examined stability o f buried pipes 

with special reference to buckling. Moore (1989) then prepared a review of 

elastic buckling of buried pipes and concluded that linear multiwave buckling 

solutions based on elastic continuum representation of the ground is the most 

suitable for structural analysis and design.

EFFECT OF TUNNELLING ON BURIED STRUCTURES
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Shield tunnels often construct under ground water level and time-dependent 

behaviour is observed, associated with pore pressure generation and dissipation. 

Prediction o f  creep deformation also forms a design consideration. Mair and 

Tayor (1993) analyzed undrained ground deformations and pore pressure 

changes as a tunnel is constructed in clay, by idealizing the problem as a 

contracting cavity in an linear elastic-perfectly plastic soil. The prediction of 

ground movements well agrees with field measurements at several sites. 

Although their analysis is not directly relevant to the analysis o f buried 

structures. It gives an insight into the behaviour o f ground movement and 

buried structures, in particular in regions close to the tunnels.

Predictions o f  the effect o f  shield tunneling on existing buried structures are a 

difficult problem, compared to open excavation. Because the real situation is 

truly three-dimensional, and the behaviour is largely affected by the type of 

shield machine, lining geometry, size of tail void, grouting method, soil 

conditions and furthermore workmanship. Considerable efforts, however, have 

continued for predicting the ground movements and their influence on existing 

buried structures in a rational manner. To establish a reliable method of 

predicting ground movement owing to tunnelling would be equally good news 

for the study o f  buried structures subjected to ground movements.

Kobayashi and Nishimatsu (1982) carried out an elasto-plastic FEM coupled 

analysis adopting Ohta - Sekiguchi constitutive model and compared with field 

measurements o f a tunnel o f 7.4 m in diameter in clay. They found that elasto- 

plastic analysis is superior to elastic analysis. Ghaboussi et al. (1983) 

conducted and elastic FEM simulation of sewer tunnel o f 3 m in diameter 

crossing over two existing tunnels o f 5.1 m in diameter and compared the 

analytical results and measurements in terms of diameter changes, resulting in 

overestimation. Yamada et al. (1988) developed a two dimensional elastic FEM 

analysis scheme after successive improvement, calibrating their method against 

more than 20 case histories over 8 years. They presented a case where a shield 

tunnel is constructed over a buried pipe. Ng et al. (1986) carried out undrained 

and drained analyses using an elasto-plastic soil model in which cross- 

anisotropic behaviour is assumed and Mohr-Column failure criterion is adopted 

to analyze the ground deformation around a tunnel o f 2.47 m diameter in silty 

clay. Reflecting the fact that the behaviour of ground movement is affected by 

the type o f  shield machine (Fujita, 1989), Nakayama et al. (1988) used a two 

dimensional elastic FEM scheme exclusively for pressured slurry shield 

machine based on eight field experiences. Rowe and Lee (1992) used the results 

of three-dimensional elasto-plastic FEM analysis and developed a design 

procedure and examine the applicability of the method with 14 case histories 

and found it to be promising.

The choice o f  soil parameter to be input in FEM analysis for the analysis of 

deformation in tunnelling in clays is also a matter to consider. Ng and Lee

(1985) presented a set o f laboratory test results for the analysis o f  elasto-plastic 

FEM which is, they claimed, relevant to tunnelling in clay. Hight et al. (1993) 

pointed out the importance of use o f non-liner elastic properties for the analysis.

Hisatake et al. (1983) used a three-dimensional BEM adopting a visco-elastic 

soil model to take into account several factors affecting the behaviour o f shield 

tunnel constructions such as location of tunnel, constructions sequence, location 

of cutting, rate of advancing, existence o f tail void, time-dependent behaviour 

o f surrounding soil, and compared the analytical result with a parallel shield 

tunnel construction. Lo et al. (1987) reported the result o f field measurements 

and a parallel multiple tunnels at Singapore.

Tunnels and other buried structures may be subjected to larger scale 

displacements induced by such as geological faults. Burrige et al. (1989) 

conducted centrifuge test to study this phenomenon and to verify a numerical 

model o f  one-dimensional FEM.

In spite o f these accumulated data and development o f sophisticate numerical 

modeling described above, an accurate prediction of absolute magnitude of 

deflection and strains induced in buries structures still remains a difficult task 

and needs further research, because the conditions o f the buried structures itself 

prior to adjacent tunnelling have not been completely analyzed in a quantitative 

manner, mainly due to complex construction sequences.

Regarding ground movements associated with cut-and-cover tunnelling or deep 

excavations, it is possible to estimate or predict the magnitude and profile o f the 

settlement i.e. relation between settlement and distance from excavation etc. by 

using various methods. Contributions made by Clough et al. are excellent in 

this respect.

With respect to ground surface settlement and the settlement trough caused by 

shield tunnelling, Peck's concept, contributions o f others and compiled data are 

very useful for their estimation and prediction, for conventional shield 

tunnelling.

In recent years, shield tunnelling technology has advanced very rapidly, 

especially as regards construction equipment, tail void grouting systems and 

computer aided control systems, which reduce ground surface settlements 

remarkably, so that it has been less than 5 mm after 1985 in Japan. So, in 

predicting the magnitude of ground surface settlement, it is necessary to divide 

shield tunnelling into two categories, i.e. conventional and advanced.

The advanced shield tunnelling is economical, because it needs few auxiliary 

measures and this is advantageous where the ground movements may cause 

trouble, damage or failures to the existing buried structures/pipelines.

With respect to buried structures/pipes/pipelines, a number of problems in the 

conventional design method have been found as a result o f centrifuge model 

tests which were carried out by Tohda et al.. For example, during the extraction 

of sheet-piles which are provided for the braced walls of a trench, a large 

deflection or stress is induced in the pipe/pipeline.

This fact suggests that the pipe/pipeline is likely to be influenced by adjacent 

construction induced ground movements and a number of cases related to 

trouble, damage or failures o f  pipes/pipelines has been reported. The causes 

also include errors in applied design loads, stresses induced by various loadings, 

deterioration o f  pipe material, and so on.

Various methods have been proposed by Attewell and others for estimating the 

stress and deflection induced in a single pipeline by subsidence of ground etc.. 

However, in the case o f buried pipes/pipelines in urban areas, generally, the 

problems are extremely complicated.

Regarding problems with buried pipes/pipelines induced by soft ground 

tunnelling, these are very difficult to analyze, because they were installed under 

various conditions.Various pipelines for different uses are usually installed in 

parallel close to each other and with different depth of cover. They are usually 

not straight and are fitted with many branches, bends, etc.. Pipes are generally 

of different materials, diameters, stiffness and so on. Pipelines are installed in 

parallel, transversally or diagonally to the proposed tunnel alignment and at 

different distances from the excavation.

FE analysis could be applied to these problems, but it is difficult to verify the 

results. Use o f centrifuge model tests would be the most valid way in order to 

indicate the issues clearly, but it is not practical yet for design purposes.
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