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(ABSTRACT)

Demand for new underground transportation systems and utility networks has increased the use

of tunneling ir1 soft ground. Many of these tunnels have to be constructed ir1 difficult soil condi-

tions, with strict constraints on ground movement control. Technological advances, such as the

pressurized shield or the New Austrian Tunneling Method (NATM), have, to some extent, over-

come these difiiculties. But the complex interaction between tunneling procedure, ground response,

and liner support is still not fully understood.

In this dissertation, the three aspects of tunneling, face stability, liner design, and ground surface

settlement are analyzed for conditions that might be experienced on current projects. The study is

intended to clarify sorne of the phenomena associated with the use of advanced tunneling tech-

niques in soft grounds, and help improve the current design practice.

The NATM generally uses "hand-mining" equipment for excavation, and shotcrete as temporary

support of the tunnel wall. The amount and timing of support is optimized by continuously

adapting the construction procedure to the conditions found at the tunnel face. In the present

study, the applications of the finite element method to tunneling are reviewed, and it is used to

model NATM tunneling projects. Using pararnetric studies, a simplified design method is proposed

which allows an estimate of the liner forces and settlements associated with NATM tunneling to

be obtained.



Pressurized shields are used in soils with Little to zero stand-up time to support the tunnel face
i

during excavation. In this work, the face stability of shield tunnels in cohesionless soils is examined

using limit analysis principles. Upper bound estimates of the critical face pressure are found in good ‘

agreement with results from centrifuge model tests. ‘

Empirical correlations for settlement estimates are re-examined, in view of case history data for

shield driven tunnels. The ground movements observed on the F3 and F4 contracts of the

Washington Metro are analyzed. Earth pressure balance shields were used on these projects. It is

shown that difliculties were common in mixed face conditions, unless adequate techniques were

used to prevent ground collapse to occur. _
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1.0 INTRODUCTION

Tunneling in urban areas is growing in response to the increased needs for efficient transporta-

tion, water supply, sewage disposal and communications. Because the subsurface conditions are

often in alluvial, marine or lacustrine environments, the tunneling is challenging. Tunneling in soil,

comrnonly referred to as soft ground turmeling in the construction industry, poses problems due to

settlements induced by the construction, ground water movement into the tunnel, and complex

loading of tunnel supports. ln a classic state-of—the-art paper, Peck (1969) addressed the issues as-

sociated with soft ground tunneling, and provided some of the first theories that allowed tunneling

induced ground movements to be understood in a rational framework. At the time of Peck’s work,

tunneling was largely accomplished using either an open-face shield or through hand mining pro-

cedures.

A tunnel shield is basically a round cylinder with some excavating equipment at the face, a liner

erection system in the center, and propulsion jacks in the rear. The shield serves to provide a safe

working area for the soil at the tunnel face to be excavated and removed, and for each sequential

pieces of liner ring to be placed. lf the shield face is open in soft soil, problems can develop with

ground and water control. Also, in the presence of stiff soils, the shield process is not necessarily

the most economic method to construct the tunnel. Since 1969 many innovations have been in-
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troduced to supposedly improve our ability to constmct tunnels in soft ground. These include

shields with the capability to apply pressure to the face of the tunnel, and altemative procedures

such as the New Austrian Tunneling Method (NATM). Also since 1969, much progress has been

made in instrumenting tunnels, and the data base for ground movements induced by tunnels has

grown. This thesis is directed towards providing a new perspective on the issues associated with the

geotechnical design aspects for soft tunnels. ln particular, new methods are provided for design of

tunnel liner supports where the NATM is used, for prediction of stability of the tunnel face in

frictional media, and for estimating ground movements induced by tunneling.

In Chapter 2, background material is presented on shield tunneling, both in terms of the con-

ventional and new technology. Recent developments in shield design include a variety of methods

to provide support of the face of the tunnel in the presence of soft ground and possible freely

moving ground water. In the past, these conditions have been solved using compressed air or by

injecting chemical grouts into the ground. Both of these approaches have strong disadvantages, and

are not widely used today. The NATM is a more versatile method than shield tunneling, in that

the construction procedure can be adapted to the local conditions in an attempt to optimize the

timing and amount of structural support. Full or staged excavation of the face is completed using

simple excavating equipment, and a thin shell of shotcrete is usually applied as temporary ground

support. A permanent liner, made of precast concrete segments or cast in place concrete is installed

later on, to insure long-term stability of the opening.

The applications of numerical techniques to soft ground tunneling are reviewed in Chapter 3.

Because of the ability of the frnite element method to account for complicated geometries and

boundary conditions, it appears as an ideal tool for the analysis of tunneling problems, and has

recently been applied to an increasing number of projects in soils. The frnite element method in

theory allows a unilied prediction of liner response and ground movement. However, there are

limitations that are related to (1) introduction of construction modeling in an econornical way, and

(2) the rather limited state of knowledge of ground behavior around the opening.
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Plane~strain fmite element models are often preferred to a full 3-D analysis of the tunneling

process because of cost considerations. One major difficulty in applying numerical methods to the

tunnel problem is, therefore, to find a way to include the tl1ree·dimensiona1 stress redistribution,
i

that takes place around the face in a 2-D model. A few procedures have been introduced to account

for the 3-D effects. The softening procedure, originally proposed for modeling the NATM, is de-

scribed in Chapter 4. A pre-deformation of the ground is first produced by lowering the modulus

of the soil in the tunnel area and applying softening loads around the opening. Excavation of the

tunnel and placement of the tunnel supports are subsequently simulated. In this work, an improved

softening method is proposed to better account for the horizontal movements along the tunnel axis

that occur into the face during excavation.

In Chapter 5, the improved finite element simulation procedure is applied to turmels constructed

by the NATNI. Based on a parametric study of geometric and geotechnical pararneters, design

charts are established for the prediction of liner thrusts and momcnts, as well as surface settlements

induced by tunneling. The proposed design method is not intended to supplant existing techniques

or eliminate the need for finite element analysis when specific problems related to soil layering or

construction procedure need to be considered; but it provides the engineer with a quick and simple

way to estimate the feasibility of a project at the design stage.

ln Chapter 6, the predictions of the proposed support design method are compared with other

parametric and case studies. The results of this study allow the validity and limitations of the

proposed design method to be established.

The use of a pressurized shield is often necessary, when a tunnel is to be constructed in soils

with little or no stand-up time. In such conditions, face stability during construction is a major

concem. Limit analysis constitutes a powerful technique for the study of stability problems, since

it does not rely on the predefmition of the behavior of the soil. In Chapter 7, limit analysis is used

to estimate the amount of retaining pressure, which would be necessary to insure face stability
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during shield tunneling in sandy grounds. The critical face pressures are compared with published

results of centrifuge model testing for tunnels in sands.

In Chapter 8, two recent case histories from the Washington Metro are studied to allow an in-

sight to be developed to relationships between key construction and soil behavior pattems. The

case histories involved use of two earth pressure balance shields in mixed face conditions. Ground

movement measurements and shield operation records are analyzed. The data a.llow tunneling ir1

mixed soils to be assessed and are particularly interesting in view of the wide range of settlements

observed. Effects of ancillary efforts to control movements such as chemical and compaction

grouting are presented,.

Soil behavior considerations are important when predictions of the ground movements are

needed. Semi-empirical correlations derived from observed behavior from tunnel projects and

trends defined by rudimentary theory can provide the basis for reliable settlement estimates. The

observed data are invaluable because they include all the aspects of the complicated tunneling

process. Trends determined from theory help set bounds on expected behavior. Ground move-

ment correlations for shield tunnels in soft ground are exarnined in Chapter 9, using nearly 150 case

histories. The correlations are generalized by relating the data to face stability concepts including

those developed in Chapter 7. _

Chapter 10 summarizes the conclusions to this work, and it is followed by three appendices.

Appendix A presents information which provides verification of the finite element code used in the

NATM studies. Appendix B gives the derivations of upper bound solutions for the limit analysis

problem considered in Chapter 7, and the data collected on Section F3 of the Washington, D.C.

Metro are documented in Appendix C to serve as reference for the analyses described in

Chapter 9.
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2. I Introduction

A soft ground tunnel can be constructed using a variety of techniques which can be broadly

subdivided into shield and hand mining procedures. The shield is a steel unit, usually cylindrical

in shape, within which the excavation is made and the liner is erected. After the shield is pushed

forward by the full stroke of the propulsion jacks, the jacks are withdrawn, and next ring of liner

segments is erected within the "tail" of the shield.

Hand mining techniques for many years were primarily used for small lengths of tunnels or

small diameter tunnels. Recently, with advances in the New Austrian Tunneling Method (NATM),

hand mining of large diameter tunnels in some soils has become feasible. (Note that the term hand

mining does not mean that all the operations are actually done by hand.) The present state~0f-

the-art finds primary application in stiifer soils with good stand-up time. The NATM process varies

depending upon the soil conditions and the need for ground control. ln its simplest form, exca-
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vation of a large diameter tunnel involves rernoval of the soil in a bench and headirig procedure.

As the soil is removed from the bench area, light steel supports are erected, and the advance com-

pleted. After the tunnel is opened, a final cast-in-place liner is often installed inside the original

shotcrete liner.

The more advanced aspects of soft ground tunneling are presented in this chapter, with emphasis

on the NATM. A brief review of shield tunneling methods is also provided in Section 2.2, together

with references related to this construction technique.

2.2. Shield Tumzeling

This section gives a summary of the main features associated with shield tunneling. Detailed

information can be found in Mayo et al. (1968), Szechy (1970), and Kitarnura (1978). More recent

developments in the shield tunneling technology are described in Clough (1981), and in two tech-

nical reports, published by the Ontario Ministry of Transportation and Communications (1976)

and by the Intemational Turmeling Association (1981). The latter report also provides an overview

of shield tunneling projects. ·

A shield is primarily intended to provide a safe working space during excavation and liner in-

stallation. ln addition to offering a temporary support to the tunnel wall, the most advanced ma-

chines are designed to combine several functions: (1) ground excavation; (2) temporary face

support; (3) muck handling; and (4) liner installation.

The conventional shield is open·face (figure 2.1) and the excavation is achieved by hand or a

mechanized digger. This type of operation is well-suited for tunneling in good ground conditions,

or those where obstructions are encountered, since the open face allows the obstructions to be seen
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and removed. In running or flowing ground, the open-face shield requires some form of secondary

system to control the face of the tunnel. Examples of these measures include breasting platforms,

"orange peel" face supports, and compressed air.

In the past 20 years there has been a trend towards the use of shields which excavate using a

rotating cutterhead. In soils with adequate standup time, and where soils are dry or impervious,

the new shields may only differ from open shield in that the soil excavation process is performed

using the rotating cutterhead rather than by hand. In more difficult subsurface conditions, some

provisions to confine the spoil behind the cutterhead and to control the ground water are needed.

Examples of the new cutterhead machines with provisions for spoil control include the earth pres-

sure balance, water pressure balance, slurry, and mud or slime shields (Clough, 1981). Of these, the

earth pressure balance (EPB) is the most common (see figure 2.2). The other altematives are pri-

marily used where ground and ground water conditions are difficult.

2.3 The New Austrian Tunneling Method

2.3.1 Introduction

Unlike other tunneling methods (including the Austrian Method), a clear definition for the New

Austrian Tunneling Method (NATM) is difficult to find. The NATM does not correspond to

specific operations of the face during excavation nor to the use of a specific piece of equipment.

'Ihe construction process to a certain extent is adapted to each project, and it is often updated

during excavation in order to accommodate changes in geometric conditions and the nature of the

ground. The method makes extensive use of shotcrete for the temporary liner in an attempt to

optimize both the amount and timing of support.
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The NATM was first proposed for rock tunnels, but is now being used in soil tunncling

projects, with the primary application to cohesive soils. ln detemtining the optimal amount of

tunnel support, use is made of recent design techniques that allow to follow, as closely as possible,
L

the response of the ground to the different steps of the tunneling process.

2.3.2 The New Austrian Tunneling Method

2.3.2.1 Historical Background

The NATM was introduced in the 1950s by a group of Austrian professors working with Pr.

Rabcewicz. lt was originally used for tunneling in squeezing rock (road and water tunnels in the

Alps) and has found many applications for such conditions. Recently, the NATM has been used

in soils. Soil tunneling with the NATM was first carried out in West Germany on the Frankfurt

metro. The project consisted of a double tunnel driven in stiff plastic clay. Both circular tubes

were 15m deep and 6m diameter. Since then the method has been applied in a variety of conditions

for soft ground tunncling; most of the projects are related to the construction of metro systems:

Vienna, Austria (Mussger et al., 1987); Hong-Kong (Cater et al., 1984); Lyon, France (personal

communication from C.E.T.U., Lyon, France). ln Munich, West Germany, the NATM was first

used in 1973 and has now become the most cornrnon construction method on this 63km project;

by its completion in the 1990s, 30% of the Munich subway will have been constructed with the

NATM (Hochmuth et al., 1984). The first NATM project for a soil tunnel in the U.S. is now

underway for the Washington, D.C. metro.
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2.3.2.2 Construction Procedure

When used in rock, the NATM is characterized by the following procedures (Kuesel, l989):

• Drill and blast excavation.

•
Extensive use of shotcrete for early ground support.

• Extensive instrumentation to measure rock deformation.

•
Frequent use of waterproofing membranes between the primary liner and the permanent liner.

• Flexible contracting methods that allow optimize both the extent and the timing of structural

support systems.

With soil turmeling, blasting is not used for excavation and rock bolting does not find the same

application as in squeezing rock conditions, but most of the above characteristics remain valid. ln

particular, use is made of the basic principle that the ground around the tunnel does not only apply

loads to the structure by its weight but also contributes to the stability of the opening. ln other

words, the liner is not installed to bear the weight of the soil mass but to help the surrounding

ground to be stable. Even though this is not unique to NATM tunneling, the NATM method in

theory allows for maximum use of this principle because of the flexibility introduced during con—

struction.

The NATM procedure usually involves the following sequence (figure 2.3):

• Excavation at the front using drilling and blasting in rock, and a backhoe or other similar

equipment in soil.
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• Imrnediate support of the tunnel wall with shotcrete.

• Installation of a waterproofing membra.ne to insure long-term watertightness.

• Construction of a permanent liner using precast concrete segments or cast-in·pIace concrete.

Additional support of the ground is obtained in areas with running soil or critical facilities using

chemical grouting, forepoling, or other techniques.

Ground excavation is mostly carried out in reaches of one-meter length. Depending on the

stand-up time of the soil, several stages might be introduced. Figure 2.4 shows examples of the

staged excavation process used on NATM projects. Full·face excavation of the ground is essentially

limited to tunnels of smaller size driven in stable soils. Another unique feature of the method is that

it does not involve the use of a shield or tunnel boring machine. Therefore, the tunnel does not

have to be circular and a variety of tunnel shapes can be considered to serve the specific needs of

the project and adapt to the conditions encountered.

The immediate shotcreting of the tunnel wall is intended to build a continuous shell that acts

as temporary support during construction. Because of this extensive use of shotcrete, the NATM

is also referred to in the literature as the "shotcreting method" (Hochmuth et al., l985). The

shotcrete can be reinforced with steel fibers and/or lattice girders. The use of steel fiber or lattice

girders provides the shotcrete with a light and flexible reinforcing. Steel ribs can also be installed

against the tunnel wall prior to shotcreting.

Even though the NATM finds most of its applications for soils in stiff cohesive grounds, it is

also used in more difficult conditions where cohesionless soils are present. In such circumstances,

ancillary techniques must be combined with the NATM process:

•
Öewatering prior to excavation.
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• Compressed air.

• Forepoling of the vault before excavation.

• Grouting from the tunnel face.

2.3.2.3 Perceived Advantages and Disadvantages of the NA TM over Shield

Tunneling

When compared to other advanced techniques, such as shield tunneling, the NATM method

presents a number of advantages:

•
Optirnizing tunnel supports to fit ground conditions.

• Use of more economic tunnel liners because of optimal design.

• Flexibility in tunneling since the tunnel face is exposed.

• Lack of reliance on one large piece of equipment.
I

• Relative sirnplicity in construction process.

• High degrees of control of ground water infiltration into tunnel after construction because of

ability to place waterproof barrier before final shotcrete application.

• Smaller surface settlements than shield tunneling in most cases.

On the other hand, the disadvantages of the NATM are:
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•
In some countries, eg., the U.S.A., the contracting procedures are not well adapted to the

NATM.

• In heterogeneous ground, frequent changes of support methods causes use of more labor, off-

setting material savings with the NATM.

• Not highly mechanized, and is not adapted for rapid tunneling (rate of 3m per day attained in

— work on the Munich metro).

• Cannot be used in difficult ground conditions.

2.3.2.4 Practical Considerations

Unlikc most construction procedures, design of a NATM tunnel is often not completely deter-

mined before construction; instead, it is adapted during excavation in order to better match the

geological conditions. If fully implemented, the NATM process involves three major steps

(Gnilsen, 1985).

• Preparation of design documents prior to construction. In these analyses several possible kinds

of ground conditions are considered.

•
Determination of tunneling measures; the choices are made at the tunnel face in accordance

with the geologic conditions present at each step of excavation.

• In-situ measurement. This last step allows to check that the support requirements are fulfilled;

if excessive deformations are noticed, additional support can be installed and design parameters

modified.
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Because of the interrelation between design and observation, in-situ measurement plays an im-

portant role, and the projects need to be highly instrumented. The most basic parameter to be

monitored is the convergence of the opening. Convergence pins are installed at a number of points

on the periphery of the tun.nel cross·section and the deforrnations between two pins are measured

with invar wire- (see figure 2.5, issued from Gesta, et al. 1983). The instmmentation device is

equipped with a dynamometer that enables to adjust the wire tension to a constant value. Such

measurements are difficult because they interfere with the construction process. More advanced

techniques are under study that make use of reflected radar or laser waves. In addition to conver-

gence pins, the tunnel can be equipped with other instrumentation systems that include (Gnilsen,

1985):

• Multi-position bore-hole extensometers

• Tunnel pressure piezometers

• Surface piezometers _

• Strain gages

lt is also argued that the NATM produces less settlement than other tunneling methods. Part

of this comes from the fact that the NATM has so far been used essentially in relatively stable

ground conditions. However, a comparative study by Cater et al. (1984) on the Hong-Kong sub-

way showed that for a given soil category, the NATM would provide better ground movement

control than shield tunneling. The other reason for the smaller settlements observed with NATM

are in the construction process itself. Figure 2.6, from Wanninger (1979), shows the results of a

comparison made by Chambosse (1972) on the Frankfurt metro between crown settlements in-

duced by NATM and shield tunneling. The diagram indicates that when NATM is used, the

ground over the tunnel crown moves in a regular pattem with 60% of the settlement occurring at

the face. With shield turmeling, the ground movement is irregular; 10% of the total settlement is
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observed at the face, it is increased to 70% when the tail of the shield passes the instrumcnted sec-

tion, and the remaining 30% occurs behind the shicld. In spite of the differcnccs in mechanisms

between settlement processes, settlement magnitudes on the Frankfurt metro were reported to be

the same for shield and NATM tunnels.

2.3.3 NATM Design Procedures

2.3.3.1 Design Methods

A commonly used method for liner design of tunnels driven with a shield in soft ground was

presented by Peck (1969) in the State of the Art Report for the Mexico Soil Mechanics Conference.

The procedure involves four basic requirements:

• Provide enough resistance to applied liner thrusts. _

•
Provide enough resistance to applied bending moments.

• Allow for the possibility of buckling.

• Allow for specific extemal conditions.

(Extemal conditions to be considered include the stresses- induced by jacking loads (shield tunnels),

the influence of dnving another tunnel in the surrounding ground, and the effect of neighboring

structures.)

Because of the lack of information at that time on the actual effect of ground decompression

at the face and influence of time on liner stresses, it was recommended that liner thrusts be designed

for full overburden pressure.
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Peck noted that bending moments can be neglected w11en the liner is flexible or made of artic-

ulated segrnents. However, for general design, he stated that most liners are relatively rigid and

experience bending during deformation. In such circumstances, a tunnel distortion is assumed for
A

the liner, based on observed values for flexible liners in similar soil conditions, and the distortion

used to determine bending moments.

A different approach is used for the design of NATM tunnels that allows one to take advantage

of the peculiarities of the construction process. Thrust and bending moment are considered to-

gether and each section of the liner analyzed as a beam section subjected to combined axial load

and bending. Ground decompression at the tunnel face is taken care of through the

"convergence-confinement method." The soil-structure interaction model introduced in this tech-

nique tries to follow as closely as possible the stress redistribution induced in the ground during the

construction sequence. This method is thought to be adequate for the design of temporary supports

since the increase in liner loads due to rheologic effects does not have time to take place. lt is also

used for the design of permanent liners, which to some extent could be seen as a contradiction to

Peck’s (1969) recommendations. In this latter case, however, other levels of conservatism are in-

troduced in the design procedure. Finite element analyses are usually necessary to account for the

effect of depth on initial stresses as well as irregularities introduced by the geometry a.nd geology

of the project considered.

The procedure belongs to the category of continuurn model methods. lt presents the advantage

of dealing with the soil~structure interaction process in a more realistic way than earlier methods,

such as the hyperstatic reaction method in which the ground is replaced by a system of springs

distributed along the tunnel penphery.

lt must also be mentioned that some design procedures recommend to disregard the supporting

effect of the ground located over the crown of shallow tunnels (depth of diameter ratio smaller than

2.5) because of the possibility of loosening effects in the soil mass (Ahrens et al., 1982).
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The above discussion is limited to moment·thrust considerations. Buckling should not be a

major problem with the NATM, since the shotcrete is applied continuously Zllld in tight contact

with the ground. The effect of adjacent tunnels or neighboring structures can be included in the

finite element model.

2.3.3.2 Structural Considcrations

Gnilsen (1987) provided a review of structural considerations for NATM design, from which the

following material is derived. From a structural point of view, Liner design must comply with the

Building Code in use. In the United States, structures are designed in accordance with the ACI

(American Concrete Institute) requirements. This code is primarily intended for above-ground

constructions; in particular, design of unreinforced concrete is based on working stress conditions,

which prohibits cracking of the structure. When the NATM is used, tunnel liners (especially initial

liners) are very often made of a thin shell of shotcrete which is either unreinforced, or in which the

reinforcing spacing is too irregular to be relied upon for design. In such conditions, the ACI Leads

to over-designed liners, since it disregards the positive effects of the soil-Liner interaction. The ex-

tensive use of the NATM method in West Germany lead to the definition of new standards in the

German Code DIN (Deutsches Institut fir Normung) that account for the specific features of

underground structures. In this revision of the DIN code, strength design is used for unreinforced

concrete as well as lreinforced concrete. Design requirements for unreinforced concrete as predicted

by AC1 and DIN are compared in figure 2.7, where the allowable thrust, T,, is estimated for any

value of the thrust eccentricity, er. T, is norrnalized to the allowable thrust at zero eccentricity, T„,

as deterrnined ir1 accordance with DIN:

T0=—}? (1.0) e ß, (2.3.3.2.1)

where F is the factor of safety (taken as 2.5), e is the liner thickness, and ß, the design strength for

concrete as specified in DIN. (Both T, and To are defined as thrusts per unit length of Liner.) The
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eccentricity er is normalized to the Iiner thickness e. It can be seen from this graph that ACI neg-
i

lects a large amount of design capacity. However, the capacity is also restricted with DIN, since

this code calls for a limiting eccentricity value,

l
e?°x = 0.3 e (2.3.3.2.2)

which corresponds to cracking of half of the concrete section.

A new concept is under development in the United States that tries to combine the safety re-

quirements of the Building Code with increased cost efficiency of turmcl liner design. This concept,

terrned Combined Design Concept (Gnilsen, 1987), has been used for NATM design on the Mount

Lebanon Tunnel (Pittsburgh, Pennsylvania) and the Wheaton Station of the Washington metro.

It is based on the following two principles:

• Design parameters and safety definitions are chosen as specified in ACI 318.

• Allowable loads are determined on the basis of strength design (as specified in DIN 1045) for

eccentricities smaller than
e¥‘“.

For larger values of er, the working stress design is applied to

the uncracked portion of the liner. This method is also in agreement with the Guidelines for

Tunnel Lining Design of the Underground Technology Research Council (O’Rourke, ed., 1984)

on the matter of Building Code interpretation and application to underground structures.

The results of this combined approach are surnmarized in figure 2.8. On this diagram, a con-

crete strength of

fc = 3500 psi (25000 MPa) (2.3.3.2.3)

has been used. The included factor of safety, F, accounts for load uncertainties (U) and reduction

of ultimate strength due to structure irnperfections and computational inaccuracies (factor da):
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F = Ä (2.3.3.2.4)¢

For the combined design concept, U = 1.63 and ¢> = 0.65, resulting in a factor of safety, F,

of 2.5.

2.3.3.3 The Convergence·Confinement Method

The convergence-confxnement method has been developed over the past twenty years, with

primary application to deep rock turmels. It is based on the consideration that the ground sur-

rounding the tunnel experiences some stress redistribution during excavation. The drop in hori-

zontal pressure at the front along the tunnel axis from the initial value, a° = 62 to zero results in

stress release and deformation in the mass of ground located before the tunnel face. Figure 2.9

(issued from Panet and Guellec, 1982) represents the evolution of radial displacement, u, in a plane

perpendicular to the turmel axis, during excavation and for an elastic behavior of the ground. It

can be seen that movements start to occur one radius in front of the face and are stabilizcd to the

final elastic value, 11;***, some 2-3 radii behind the face. Based on numerical analysis of this three-

dirnensional problem and experience, Panet and Guellec (1982) showed that the tunneling process

could be analyzed in plane strain conditions with the face effect modelled by a tictitious pressure

a£= (1 — A) dg (2.3.3.3.1) '

applied inside the tunnel wall. The parameter A measures the amount of stress release in the

ground. lt is equal to zero in initial conditions and is increased gradually from zero to one during

excavation. This concept was first developed for a circular tunnel bored in homogeneous elastic

ground with uniform isotropic stress conditions. ln this case, a closed form solution czm be found

for the final displacement 11;***,
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rr? =i af (2.3.3.3.2)
E

and the parameter, A, also represents the amount of convergence of the tunnel wall:

2 = _ (2.3.3.3.3)
uf

lf we plot, for each step of excavation, the values of versus we obtain the convergence

curve (figure 2.10, curve a). Such curves are also referred to as "characteristic curves," "ground re-

action curves,"' or "Fenner~Pacher curves/' If for a value A, of A a liner is installed, the convergence

of the tunnel wall as excavation proceeds brings the ground in contact with the structural ring and

compression of the liner begins. As a result, the liner carries an increasing portion of the pressure,

6{ . The evolution of the liner load with tunnel convergence, u,, (curve b on figure 2.10) is termed

the "confinement curve." Curves a and b intersect at point E of the diagram when the final state

of equilibrium is reached, and the liner pressure for design can be determined.

For the ideal case of a linear-elastic behavior of the ground, the convergence curve is a straight

line (figure 2.11, case a). Panet and Guellec (1982) considered other idealized soil models; Elastic·

plastic, elastic·plastic with drop in ground resistance; the corresponding ground reaction curves are

plotted on figure 2.11 (cases b and c). In case b, the curve departs from a straight line as soon as

plastic deformations occur in the ground (for A = l,)„ but a state of equilibrium is always possible

(finite value of u, for 6, = 0)without the need of a liner. In case c instead stable conditions may not

be possible for an unlined opening.

Further research has been in progress to study the effects of anisotropic loading conditions and

time-dependent ground behavior. Even though the method was first developed with restrictive as-

sumptions, the basic principle can still be applied to more complicated cases by means ofnumerical

analysis.
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3.0 USE OF FINITE ELEMENT METHODS

FOR SOFT GROUND TUNNELING

3.1 Introduction

Prediction of the behavior of a soft ground tunnel poses a unique challenge to the designer and

analyst. First, a tunnel follows a linear path, and as such, typically encounters a range of soil

conditions, many of which are only approximately defined. Second, while the performance of the

tunnel is influenced by the geologic conditions, it is also affected by the tunneling methods, as well

as the manner in which the tunneling methods are implemented. Thus, for any specific project,

predictions of performance prior to construction can only be approximate. However, it remains

important to be able to make the best estimates that can be obtained in order to provide a rea-

sonable design, and anticipate any potential problems. Also, it is desirable to have design and

prediction tools that are consistent and based on sound engineering fundamentals, so that differing

situations can be evaluated without contradictory results.
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Design and analysis methods for geotechnical design of turmels concem the issues of stability,

loads of support systems, water Flows, and movements. Most of our conventional methods to

predict tunnel behavior were developed from elastic solutions or limit theory, or they were derived

from empirical data. Reviews of these methods are provided by Peck (1969), Clough and Schmidt

(1981), a.nd Ward and Pender (1981). This technology underlies our basic approach to design, and

remains fundamental to practice.

The conventional design tools are characteristically not coupled; i.e., loads are determined by

one technique, movements by another, and neither is linked to the other. In the real tunnel, all

facets of behavior are coupled. lf we wish to couple them in a predictive technique, we have to look

to numerical procedures such as the finite element method.

This chapter focuses on the use of the Finite element method for analysis of behavior of tunnels

in soil. The role of the finite element method is not to supplant the conventional design tools, but

rather to fill gaps that exist in our conventional approaches, and to help improve existing tech-

niques. When properly used, Finite element methods can also clarify our understanding of the

complex response of the tunnel problem. The text is directed to the use of the Finite element

method for analysis and design of tunnels in soil. Recent reviews by Eisenstein (1986) and Rowe

(1986) provided important supporting documents for this effort.

3.2 Background

The different methods of tunnel construction are described in Chapter 2. Before discussing the

numexical analysis aspects of turmeling, a brief review is provided in this section of the various

possibilities of ground response to tunneling. This is done so that the requirements for simulation

can be understood.
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3.2.1 Ground Response to Tunneling

The most fundamental ground response to any type of tunneling is for the soil to close towards

the opening, since this is where the stress relief has occurred. Further, if the soil is pervious and

under the water table, the groundwater will migrate towards the opening if allowed to. Beyond
i

these simple concepts, the details of the soil response will vary depending on the type of technique

used. In figure 3.1, principal possibilities for ground response to shield tunneling are depicted. The

upper diagram shows the conventional case where the face of the tunnel is able to displace into the

shield. This condition develops when an open-face shield is used, or if a cutterhead shield is oper-

ated so that the volume balance is negative, and more volume of soil is removed than is occupied

by the shield advance. The movements of soil that take place into the face of the shield lead to

settlements at the ground surface. After the shield passes, an additional component of ground

settlement occurs due to closure of the soil into the void created by the difference between the ex-

cavated periphery and the outer liner surface (commonly termed the "tail void"). This source of

movement can be arrested to some extent by grouting the tail void through the liner. However, in

cohesionless soils and soft cohesivelsoils, the soil collapses onto the liner as the shield moves for-

ward, reducing the positive effects of grouting. After the shield moves forward, additional settle-

ment can develop in saturated compressible soil due to consolidation of a remolded zone of soil

around the shield. The magnitude of the ground movements that occur from these different phases

are influenced by the control exercised at the face of the tunnel, and the steering of the shield. Al-

lowing movements into the face of the tunnel, or causing tail void enlargement and greater soil

disturbance by poor steering practices both lead to increases in ground movement.

The middle diagrarn on figure 3.1 shows the ground response where a cutterhead shield is op-

erated so as to have a positive volume balance. In this case, less soil volume is excavated and re-

moved than the volume of the shield advance. As a result of the positive volume balance, soil must

be heaved away from the face of the shield. Figure 3.2 shows lateral movements measured under
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such conditions during the operation of an EPB shield. Note that the lateral movements are a

maximum when the face of the shield has just passed the instrument line. Upon closure of the tail

void, the soil movements are inwards towards the shield, and follow the same pattem as in the

conventional case.

The diagrarn at the bottom of figure 3.1 illusfrates the ground response in the special case of a
i

cutterhead shield operating in a mixed face condition where the soil below the tunnel springline is

a hard cohesive soil, and that above the springline is cohesionless. In these circumstances, the hard

soil may be pushed away from the face of the shield while the cohesionless soil runs into the

openings in the cutterhead as the shield strives to cut the cohesive soil.

ln the case of a shield tunnel, the liner-soil interaction process is complex, given the nature by

which the soil comes into contact with the liner, and the fact that the liner consists of bolted seg-

ments [Peck, 1969]. The segmental nature of the liner leads to a flexibility that would not exist if

the liner were continuous. The loads on the liner begin developing under the self weight condition

as the liner is erected in the tail of the shield. As the shield advances, and a ring of liner segments

emerges from the shield, the liner is subjected to soil loads as the soil collapses through the tail void.

Attempts to grout the tail void through the liner change the load distribution in an indeterrninate

fashion, although in the long run, creation of good contact between the soil and the liner through

the grouting serves a positive purpose.

' Figure 3.3 illustrates the ground response to NATM tunneling. In this case, the major move-

ments occur as the soil is excavated at the tunnel heading, and before it can be supported by the

application of the steel ribs a.nd shotcrete. Minor movements occur after this as the liner is com-

pressed under the ground stresses. There are no clear stages in the movement pattem as it occurs

in the shield tunnel with closure of a tail void. For the NATM tunnel, the movements develop

through a steady process instead of in increments. Loading on the initial ribs and shotcrete liner

is created during the support installation and excavation process as the soil moves toward the
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opening. It is usually assumed in design that the shotcrete canies the load, and that the steel ribs

are used to provide support to get the shotcrete in. While the steel ribs undoubtedly carry load, they

are not normally figured in the load capacity of the initial liner since they are not positioned accu-

rately enough to serve as reinforcing. Loading on the final liner is assumed to develop with the

gradual deterioration of the initial liner, and the final liner is designed to carry the full long-term

load.

In all soft ground tunneling procedures, the ground movement process is three dimensional.

At any given location, movements begin to develop before the tunnel a.rrives. Movements also

continue to some extent after the tunnel passes a location. This means that any analysis technique

which assumes two dirnensional conditions will be approximate. Further consideration of this

point is made subsequently in the paper.

3.2.2 Purpose of Finite Element Analyses for Tunnels

Potentially important factors in the analytical modeling of the soft ground tunneling problem

include: -

•
Geometry.

• Ground Water and Seepage.

• Initial Stresses.

• Nonlinear Soil Behavior.

• Time Dependent Phenomena (Creep and Consolidation).
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• Permeability of Liner. i
• Flexibility of Liner.

g

•
Weight of Liner.

A

•
Surcharge Loadings.

•
Local Areas of Large Strains.

i

• Staging of Support Installation. ·

• Closing of Tail Void for Shields.

¤ Mechanics of Closure.

• Size of Void.

¤ Shape of Void.

¤ Effects of Void Grouting. E

• Mechanics of Shield Operation.

• Multiple Tunnel Openings.

•
Loads from Nearby Foundations.

It is theoretically possible for all of these parameters to be incorporated into a finite element analysis

procedure, and thus, to have one tool to analyze the soft ground tunnel problem. However, there

are reasons that prevent this ideal from being realized:
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l. At present, the cost of a "complete" analysis using a proper construction simulation, 3-D

geometry, an advanced constitutive model, large strains, and time effects is substantial and

difficult to justify for most tunneling applications.

2. Many of the parameters that influence the analysis outcome are ill-defined, and can assume a

number of different values. Examples include liner flexibility, soil model pararneters, tail void

size, among others.

3. The linear nature of a tunnel means that it often crosses several geologic and geometric regimes,

calling for multiple analyses for any one project.

4. Soil exploration for tunnels is often spread over considerable distances, meaning that the soil

properties data base is skimpy.

5. No constitutive model has shown itself to be successful at simulating all the aspects of soil

behavior important to tunneling.

Given these arguments, what role can the finite element method play? Fortunately, if used care-

fully, the finite element method has a place in tunneling for assessment of new technologies, to in-

vestigate altematives for difficult design situations, and to improve understanding of the effects of

variables that may potentially affect the tunnel performance. Finally, improvements in computer

technologies are steadily reducing the cost of the more sophisticated analyses, and thus, we need to

be improving our analysis tools to be ready to use them when the need arises.
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3.3 Nlodcling Tunnel Construction Scqucnccs

It is important to reasonably model the tunnel construction sequence for several reasons. First,

the entire soil-structure interaction process is a function of when the supports are installed relative

to the closure of the tunnel opening. As in the ground reaction curve concept (Peck, 1969), a nu-

merical analysis simulation must add the supports at the proper time or the model will lead to er-

roneous results. Second, the response of a soil is stress path dependent, and most modem

constitutive models account for this type of behavior. For the stress-strain response of the soil to

be appropriate, the stress path (read construction sequence) needs to be modeled either as closely

as possible, or accounted for in some approximate manner to generate the proper soil behavior.

3.3.1 Three-Dimensional Analysis Vs. Tw0·Dimensi0na1 Analysis

Integral to the idea of modeling construction sequence, is the issue of whether the analysis is

3-D or 2-D. Figure 3.4 shows the displacement vectors from a finite element analysis by Ranken

and Ghaboussi (1975) for an unlined circular opening near the surface of a semi-infinite mass. The

vectors near the opening exhibit a complex pattem of movement, but some 2-3 radii behind the

opening, the vectors show only vertical movement towards the tunnel. These pattems illustrate that

for the conditions not far behind the face of the tunnel, a 2-D plane strain condition is reached.

This suggests several situations where a 2-D analysis would be reasonably accurate without con-

sideration of 3-D effects:

l. A shield tunnel where the face movements are small, and the ground movements are domi-

natcd by closure of the tail void after the passage of the shield. This would apply to good soil

conditions with an open shield, or a cutterhead shield operating in a perfect volume balance

condition.
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2. Shield tunneling where the soil has enough stand~up time not to collapse into the tail void after

the shield passes, and the soil-liner contact is created by the tail void grouting.

While these environments are not unusual, they are not the rule, and thus, in most cases, some al-

lowances for 3-D effects should be made.

3.3.2 Three-Dimensiona1Analyses

As computational power of computers increases, and the cost of computing decreases, the

possibility of making full 3-D finite element analyses is enhanced. However, in undertaking such

an endeavor, it should be noted that wl1ile the actual numerical part of the analysis becomes less

and less of an obstacle,to a 3-D analysis, other factors enter into the equation. For example, a 3-D

finite element analysis is difficult at best if the user does not have access to quality pre and post-

processor software. Otherwise the development of the data base, and the plotting of the results can

be overwhelming. Also, printing and plotting costs can become very large with the amount of in-

formation generated by a 3-D finite element analysis.

Finite element analyses using a 3-D formulation have been reported for some time for under-

ground openings in rock for powerhouses and similar structures (lsenberg, 1973). Tl1is type of

application differs from a tunnel in that the subsurface exploration process is concentrated, move·

ments within the opening are often important to predict, few empirical guides are available, and the

construction sequence is relatively easy to model. The use of 3-D analyses for tunnels is more re-

cent, and the applications are mainly for NATM-type construction. NATM poses fewer modeling

problems for the analysis than does the shield tunneling process. Examples of 3-D NATM analyses

can be found in Katzenbach and Breth (1981), Wittke and Gell (1980), and Gartung et al. (1979).

A mesh for such an analysis by Wittke and Gell (1980) is shown in figure 3.5. In this analysis, the
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process of the NATM can be faithfully modeled to allow for bench and heading excavation and

staged installation of the shotcrete liner.

Shield turmeling poses a number of obstacles to 3-D numerical analysis, including how to model

the face effects for a cutterhead shield, the application of the shield jacking forces, the tail void and

its closure, and the tail void grouting. Chaifois (1985) avoided many of these issues by conducting

a 3-D finite element analysis which focused only on the face support provided by a slurry shield.

The tunnel was fully supported circumferentially, and only the face was free. The effects of yielding

around the face were studied with the soil subjected to gravity loading and the stabilizing pressure

on the face gradually reduced. lt was found that a 3-D analysis yielded movements at the face

smaller by a factor of 3 than those from comparable 2-D analysis. Kasali (1981) reported the only

3-D finite element analysis to the writer's knowledge that attempts to model the entire shield

process. He used only a linear elastic constitutive model for the soil medium. This allowed use

of the superposition principle in accounting for the shield advance process. In figure 3.6 a schematic

drawing of the Kasali simulation is shown. It includes applying stress relief forces at the face, the

level of which were dependent on the type of shield being modeled. ln the tail void area, any

stresses that remained on the periphery of the exposed soil were equilibrated to zero. The 3-D mesh

used by Kasali is shown in figure 3.7. The sequential application of the weight of the shield, the

propulsion jack forces, and the incremental addition of the weight of the liner were included in the

analysis. The shield and liner were represented by shell elements. Kasali (1981) reported trends

of ground deforrnations that realistically followed those observed for shield tunnels both for

movements longitudinal to and transverse to the tunnel.
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3.3.3 Two-Dimensional Techniques Which Partially Account for

Three—Dimensional Effects

Three types of two dimensional models that have been used for fnite element analysis of tunncls

V are given in figure 3.8. The most common of these is the transv°érse section model, which basically

involves performing a plane strain analysis of a section cut perpendicularly across the tunnel. ln the

normal course of such an analysis, this model obviously does not allow for inclusion of the out-

of—plane deformations that occur in soil tunneling. The longitudinal model uses a plane strain

analysis of a section cut along the axis of the tunnel. It allows for some of the out-of-plane effects

that cannot be included in the transverse model, but it is limited in that it represents an inlinite slot

cut in the soil at some depth below the ground surface, rather than a circular tunnel. The third

model assumes axisymrnetric conditions, and can incorporate a limited range of true 3-D conditions

around the tunnel. However, this model is handicapped in that the presence of the ground surface

cannot be included.

Most investigations of soil tunneling have been conducted usir1g the transverse model. Where

movements at the face of the tunnel are negligible, it provides a good simulation. In more general

conditions, special techniques are needed to yield a reasonable representation of tunnel con-

struction. ln developing these special techniques the longitudinal and axisymmetric models have

found a role. A number of alternative approaches have been proposed and are described in the

following paragraphs.

3.3.4 Progressive Softening or Convergence·Confinement

These methods are used most commonly in conjunction with the NATM rather than shield

tunneling, although they can be applied to both. The idea is to recognize that some deformation
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of the future tunnel periphery and reorientation of stresses will occur due to the 3-D effects ahead

of the face, and that these effects will occur without the opening or its supports in place. With the

convergence-confmement method, the 3-D effects are assumed to be equivalent to those obtained

by application of an intemal radial pressure to the boundary that will ultimately be the periphery

of the tunnel (Panet a.nd Guellec, 1979). The magnitude of this intemal radial pressure 6R, is set

equal to

UR = (1 — 1)U§ (3.3.4.1)

where 1 is a value typically less than one, and aß is the initial radial stress. Before excavation 1 is

equal to zero and the radial stress equals the initial value aß. Face advance is modelled by in-

creasing 1 from zero to one; as a result the radial stress is decreased from aß to zero. For a value

1,, of 1, the liner is installed and the remainder of the stress (proportional to (1- 1,,)) is applied to

create the loading of the supports. ln a nonlinear medium each of the loading steps has to be

conducted in a series of steps to allow the soil model to adapt to the new stress regirne.

The progressive softening procedure was developed specifically for the NATM where a bench

and heading procedure is used (Swoboda, 1979). As illustrated in figure 3.9, the face is divided into

two portions representing the heading and bench areas. The heading area is softened by dividing

the modulus of the soil by a softening factor (analogous to the term l/(1 -1) in the convergence

confinement method). Figure 3.9 indicates that a softening factor of 2 is used, but this is actually

a variable depending on the type of design analysis being done, and experience. To achieve the

effects of softening, excavation forces are applied to the boundary of the future tunnel to create soil

deformations and stress redistribution.

As in the convergence-confinement procedure, Step 2 of the softening method involves place-

ment of a liner, and removal of the remainder of the stress from the excavated boundary. In the

last step, the process of softening and sequential liner placement and loading is repeated for the
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bench area. The lower portion of figure 3.9 shows how the load removal process ties into the

gradual displacements of the opening.

’
The example in figure 3.9 relates to the use of the softening method for a single tunnel excavated

using a single bench. The method can just as well be applied to openings with multiple benches

as well as multiple openings.

One of the questions associated with either the convergence—confinement or softening method

is the value of the softening factor. To a certain extent this will depend upon the ground conditions

as well as the intent of the analysis. The use of a large softening factor leads to predictions of large

ground movements, and hence is conservative if the intent is to predict settlements at the ground

surface. However, the same softening factor can cause small or large liner loads. ln the presence

of strong soil, the use of a large softening factor causes significant stress relief around the tunnel,

and leads to low loading of the liner in the next phase of the analysis. lf weak soils are present, a

large softening effect can cause yielding of the soil to the extent that it cannot take additional

loading, and the liner must take more stress as a result. The use of a small softening factor leads

to predictions of small ground movements, and most cornmonly to estirnates of large liner stresses.

It is the practice in design to use several different softening factors, with the intent to choose

values that are conservative with respect to the parameter being detemrined. Thus, one value may

be used for prediction of settlement, and another for prediction of liner stress. The value of sof-

tening factor ca.n be related to experience in certain ground conditions. Altematively, if a contracting

approach is used so that changes in tunnel supports are possible during construction, then direct

measurements of the displacement process during initial construction can be used to calibrate the

analyses (see figure 3.9).
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3.3.5 Multiple Element Method · Also Known As Overlapping Layer

Technique .

Ohnishi et al. (1982) and Van Dillen (1979) have proposed methods that are similar to them-
‘

selves and to that of the softening approach. The idea is to use plane strain elements in the tunnel

cross-section area that have a modulus that varies across the element thickness into the pla.ne strain

direction. The excavation process is simulated by sequentially removing the layered elements,

leading to a gradual change in stiffness in the excavated area. Placement of supports are modeled

by gradually adding back in the stiffnesses to selected layered elements. As in the softening ap-

proach, the problem is to select the rate of the stiffness change with the progress of the excavation.

Ohnishi et al. (1982) propose to do this using field measurements of opening displacement patterns

as a guide, much in the same way as the softening factors can be determined.

3.3.6 Superposition of In-Plane and Out-of·P|ane Analyses

Resendiz and Romo (1981) used two different plane strain fmite element analyses to generate

empirical relationships for predicting settlements due to shield tunneling. The first was a longi-

tudinal model which was proposed to obtain the movements that could be attdbuted to movements

into the face of the tunnel. The second was a transverse section model to generate movements due

to tail void closure. In both cases, a nonlinear hyperbolic elastic constitutive model was used to

describe the soil behavior. Movements from the two different analyses were superimposed to de-

velop the tota.1 settlements from the tunneling process. Reasonable predictions have been made for

tunnels constructed in the soft clays of Mexico City (Romo and Resendiz, 1982; Romo, 1985).
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3.3.7 Tail Void Gap Closure Procedures

A number of investigators have put forward procedures for using the transverse model with a

tail void closure method for generating the appropriate ground movements due to shield tunneling.

In all of the methods, the tail void closure is intended to not only account for the tail void, but also

for at least some amount of movement attributable to out-of-plane effects. Rowe et al. (1983)

proposed the idea that a "gap" parameter, defined as illustrated in figure 3.10, can be used to obtain

the movements that should be applied in a transverse analysis of a soil tunnel. The gap parameter

represents the maximum dimension at the crown of the tail void, and the tail void itself is non-

uniform in shape (figure 3.10), with a zero thickness at the tunnel invert. The gap parameter is

chosen on the basis of the physical dimensions of the tunnel shield and Liner that generate the tail

void, plus an allowance for workmanship and out-of-plane movements. In the Rowe transverse

analysis, tractions are removed from the tunnel opening periphery in increments, and checks are

provided on the displacements at all nodes on the periphery. lf the displacement of a node indicates

that the gap has closed at that point, the soil-lining interaction is activated, and the lining begins

to take loads from the soil. When using a realistic constitutive model, good agreement was obtained

with observed behavior for a number of case histories (Rowe and Kack, 1983; Ng et al., 1986).

Further information will be provided on the predictions subsequently.

Ohta et al. (1985) followed a somewhat similar scheme to that of Rowe et al. (1983) in an at-

tempt to model the observed behavior of a project which involved the driving of multiple tunnels

in a soil deposit with complex stratigraphy. The shields used a rotating cutterhead with slurry face

support. Surficial mcvements during shield driving indicated that the soil was subjected to a

heaving effect at the face of the shield. Ohta et al. (1985) used a modified Cam Clay constitutive

model, and attempted to account for consolidation effects during and after the tunnels were driven.

In the process of closure of the tail void, increments of displacement were used, and these were

applied using guidance from longitudinal analyses as to the time involved in the process. Reason-
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able agreement was obtained with the observed vertical movements, but not for the horizontal

movements (figure 3.11). Rowe (1986) postulates that the poor agreement for horizontal move-

ments was likely due to the lack of consideration of heaving effects that apparently occurred during

the drivirrg of the slurry shields.

A case involving both initial heaving and tail void closure during driving of an EPB shield was

considered by Clough et al. (1985). The measured lateral movements for this case history at one

line of iristrumentation are shown in figure 3.2, where the sequential heaving and tail void closure

effects are illustrated. Further details on the observed behavior of this case are given by Clough et

al. (1983). The soil profle and the 2-D finite element mesh used are shown in figure 3.12. The

tunnel was driven through a soft silt deposit which was overlain by a rubble fill. The water table

was located Sm above the crown of the tunnel. ln the finite element analyses, the silt was repres-

ented using three different constitutive models, nonlinear elastic (Duncan et al., 1980), Cam Clay

(Wroth and Houlsby, 1980), and Prevost (1980). The latter two are advanced plasticity models

using capped yield surfaces, with the Prevost being the more sophisticated and having the capability

to accommodate kinematic hardening. When using the plasticity models provisions were made to
i

allow for large strains and consolidation effects in the silt deposit. As shown in figure 3.12, an extra

degree of freedom was used for elements in the silt to allow for pore pressure calculation.

In this case history, there was no doubt that out·of-plane movements occurred during the tunnel

advance since these effects were clearly measured by the instrumentation. To represent these effects

in the two dimensional analyses, several steps were taken:

1. A construction sequence simulation was used that allowed for each stage of behavior. This

is seen in figure 3.13. Note that a separate step was incorporated to represent the effects of

heaving at the face of the shield.
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2. The heaving process was analyzed using longitudinal and axisymmetric models so that an

understanding could be developed of the pressure distributions that should be used in the sec-

ond step of the simulation. A

3. Allowance was made in the consolidation analyses for out-of-plane drainage, recognizing that

the excess pore pressures set up during the heaving process could drain away from the face of

the shield both longitudinally and laterally.

The heaving step was modeled through the application of a pressure distribution to the pe-

riphery of the tunnel as shown in figure 3.14. Pressures in the lateral direction are 10 times those

in the vertical direction. The pressures were applied in a series of steps to allow for consolidation

over the amount of time that simulated the loading in the field. The maximum value of the pres-

sures was detexmined when the calculated lateral displacements one meter from the shield periphery

reached the observed values from the field. Tail void closure was modeled applying a pressure relief

on the periphery of the tunnel. Two different distributions were attempted, one using uniform

pressures, and the other ovaloid, with larger pressures at the crown and invert than the springline

(figure 3.14). The unloading process was terminated when the theoretical tail void gap was closed.

Figure 3.15 shows the predicted and observed lateral movements for a stage when the shield face

had caused the maximum heaving effect for one of the three instrumented stations. Regardless of

the constitutive model, the predicted values are all close to the observed values. This same finding

also was obtained at two other stations where different levels of lateral movements were observed.

Figure 3.16 gives the observed lateral movements for a stage when the shield has passed, and the

tail void has closed. Also shown are the predicted values for each constitutive model for the case

using the uniform tail void closure approach. Regardless of the constitutive model, all of the pre-

dicted values nearest the shield are poor.
i
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Figure 3.17 shows predicted and observed values for the same case for the analysis using the

Prevost constitutive model compared for predicted values using the uniform and nonuniforrn tail

void closure approaches. The non-uniform tail void closure approach yields good agreement with

the observed values, in contrast to that for the uniform tail void closure. These analyses show that

the manner ir1 which the tail void closure is handled is signiiicant to the simulation, at least equally

important to the constitutive model used for the soil.

Further confirmation for the effects of the tail void closure model is given in figure 3.18, where

the observed ground surface settlements above the instrument line discussed previously are shown.

Predicted values for ground surface settlement based on the uniform and nonuniforrn tail void

closure are given, and it is apparent that the nonuniforrn closure approach again provided the better

match to the observed settlement trough. This agrees with the proposal by Rowe et al. (1983) for

a non-uniform tail void closure model.

The Rowe and Kack (1983) study and that of Clough et al. (1985) support the idea that a proper

accounting of the construction process and 3-D effects are needed if a transverse finite element

analysis is to obtain a reasonable prcdiction of soil response to shield tunneling. Rowe’s method

for using the gap parameter and a nonuniform tail void appears to have considerable merit as a

means for using the transverse section model for finite element analyses of soil tunneling. However,

if a blind cutterhead shield is involved, the possibility of heaving of the soil ahead of the shield can

complicate the picture, and may require an extra step in the construction sequence model.

3.3.8 Longitudinal Section Analysis - The Effects of Shield Jacking Forces

Hansmire et al. (1981) used a longitudinal section analysis for a project where a major design

issue concemed the deformations that were likely to occur as a shield passcd over an existing sewer

tunnel. While it was realized that the longitudinal section analysis had certain drawbacks, the
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limitations were felt acceptable in this case. lt was noted that the main concem was for movements

parallel to the centerline of the tunnel and, that the predicted movements were likely to be con-

servative estimates because of the exaggeration of the effects of the tunnel opening with the presence

of an infinite slot instead of a circular opening. The analyses were performed to sirnulate the effects

of thrusting a shield forward through the soil. The results showed that the tunnel could be driven

without damages to the underlying sewer. Predicted movements were two to three times those

observed.

3.4 Corzstitutive Models for Soils

The present state-of-the-art offers a range of constitutive models to sirnulate the behavior of soil.

The user may choose from a simple model with only a linear response capability to one with a

kinematic hardening yield surface that moves in stress space and allows for strain softening. The

question is, which one is best for use in numerical analyses of soil tunneling, since there is no need

for a highly complicated model if the capabilities are not necessary.

The simplest model one could use is isotropic, linearally elastic with a constant modulus with

depth. It is likely that no soil match this type of ideal. In fact, based on a review of data in their

1981 paper, Ward and Pender (1981) concluded that no finite element analysis using an elastic

model could reproduce the observed behavior for tunnels in soil. While generally this may be true,

it also is true that some of the problems seen in the early fmite element studies were related to irn~

proper modeling of the tunneling problem, not the soil model. For example, using a 3-D model

with allowance for the shield tunnel process, Kasali (1981) was able to obtain reasonable trends of

behavior using an elastic representation of the soil where the modulus increased with depth.
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3.4.1 Stiff Soils - Minimal Yielding Around Tunnel

ln spite of Kasali’s success with 3-D elastic soil model, the only conditions where use of the

simplest models can be justilied are where there is little to no yielding induced in the soil by the

turmeling. An approximate check on the level that the soil will be stressed around a tunnel can be

obtained using the overload factor. This is detemiined by dividing the overburden stress at the

springline by the cohesion of the soil. lf the overload factor is less than two, then essentially all

of the soil will remain well within its lirniting strength under the stresses induced by the tunnel

opening (Clough and Schmidt, 1981). Such conditions are usually met only for shallow tunnels in

stiff, cohesive soils. ln such cases, if a good construction simulation is used for the tunneling proc-

ess, it would seem reasonable to use a linear elastic model for design, assuming that consideration

is at least given to use of modulus values that vary with depth and material type. Further im-

provement in the predicted behavior can be obtained if allowance is made for the effects of stress

path on modulus in the crown and springline areas.

Beyond the simple elastic approach, the next improvement in soil model would be to use a

nonlinear elastic formulation. lnvestigations of shallow tunnels in stiff clay or stiff soils created by

the injection of chemical grout, have utilized this approach (e.g. Katzenbach and Breth, 1981; Tan

and Clough, 1980). Figure 3.19 gives the computed and measured surface settlement profiles ob-

tained by Katzenbach and Breth (1981) in stiff overconsolidated clays, and it can be seen that the

two sets of data are in good agreement. A similar level of success was obtained by Tan and Clough

(1980) in predicting ground movements in analyses of case histories with grouted soils. Given that

signiiicant yielding in the stiff clays and grouted sands did not occur, the success of the nonlinear

elastic model is not surprising. However, extension of this type of model to softer soils where sig-

nilicant soil yielding occurs can be shown to be inadvisable.
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The first step beyond the elastic model category is the elasto-plastic model which uses a

plasticity theory with a coincident yielding and failure surface. Finite element analyses using this

approach are reported for NATM type construction in stiff soils by Wittke and Gell (1980) and

Gartung et al. (1979). In these cases, localyielding is reported, but most of the soil remains in the

elastic region. The investigators show that the trends of behavior predicted by their models are

correct, but detailed comparisons which can be used to test the broad aspects of the model are not

presented. In general, care has to be exercised with a model for soil that does not allow for a capped

yield surface in that the invocation of the principle of normality can lead to over—estirnation of soil

expansion after yielding.

3.4.2 Soft Soils - Large Yielding Effects Around Tunnel

Where softer soils are encountered, yielding becomes a significant factor in the reponse to

tunneling. Such conditions become important for overload factors greater than four, and the re-

quirements for the constitutive model escalate. Rowe et al. (1983) conducted a comparative study

of finite element approaches for a shallow tunnel in soft soil (overload factor > 5), and found that

the observed surface settlement profiles above the tunnel could not be matched using any form of

isotropic elastic analysis (figure 3.20). lf the effects of stress path anisotropy were included, then a

better prediction was obtained, but only when plastic deformations were allowed was the match

with observed surface settlement good (figure 3.20). In figure 3.21, the observed horizontal move-

ments for this project are plotted against those predicted using the soil model with allowances for

plasticity and anisotropy, and it can be seen that the comparison is very reasonable, as was the case

with the ground surface settlements.

As described earlier in this chapter, Clough et al. (1985) used three different soil models to an-

alyze the case of an EPB shield tunnel constructed in soft silt (overload factor = 6). This problem

was complicated by the fact that the EPB shield caused ari initial outward heaving of the soil, which
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was then followed by the inward movement due to closure of the tail void. The reversal of the

loading by the outward and inward movements applied a stress path reversal to the silt, which was

already loaded past its strength by the heaving process. Figures 3.15 through 3.18 provide com-

parisorxs for the latcral soil movements and the settlement bowl transverse to the tunnel profile, for

the predictions made using the different soil models.

In figure 3.22 observed settlements on the centerline of the tunnel are plotted versus time along

with those predicted using the three soil models. Considering all of the data the following conclu-

sions are obtained (Clough et al., 1985):

1. A reasonable construction simulation technique is necessary to obtain a realistic prediction of

tunnel behavior, regardless of the type of soil model that is used.

2. The soil model that produced the best match with the observed behavior was the most com-

plex, using a kinematic hardening plasticity theory, and allowing for consolidation of the excess

pore pressures set up in the rcmolded zone around the tunnel.

3. The simpler soil model that allowed for soil plasticity within the context of isotropic hardening,

did not yield as accurate a prediction as the more complex plasticity model, but it produced

results that would be acceptable for design type applications.

4. The hyperbolic elastic soil model did not work for this case because of the complex stress path

applied to the soil, and the significant levels of yielding of the soil.

lt is clear that where significant yielding occurs during tunneling in a soil mass, a soil model should

be used that can accomrnodate the key elements ir1 the defomiation process. While the most

complex models may not be needed, one which handles a yielding in a logical fashion, and recog-

nizes the effect of stress path is required.
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3.4.3 Time-Dependent Behavior

Time dependent aspects in tunneling come in the form of crecp and consolidation. Creep in

soil tunneling has been addressed in several studies related to sands that have been stabilized by

chemical grouting. While chemical grouting adds a cohesion to the sand, and provides a measure

of stand-up time, chernically grouted sands are also subject to creep, and in some cases, creep rup-

ture. Gartung, et al. (1979) considered this in analyses of the effects of grouting of sands to limit

settlements above shield tunnels. They used a spring and dashpot model to describe the grouted

sand behavior, and found while grouting can restrain settlements in the short term, it does not

necessarily do so in the long term unless the grouted sand is supported through contact with the

liner. Their results show clearly the importance of prompt filling of the tail void. Tan and Clough

(1980) used a model for grouted sands that linked an empirical creep law with a nonlinear elastic

scheme. This approach was used to develop design charts for selection of grouted soil parameters

to limit settlements during tunneling.

The effects of consolidation can become important in tunneling in soft cohesive soils. Many

authors choose not to include consolidation explicitly in an analysis because it makes the analysis

more complex, and requires the choice of pararneters that are typically not well defmed. For ex-

ample, Ng et al. (1986) approached a problem where consolidation was important by performing

two analyses, one with undrained soil parameters, and one with drained soil parameters. The for-

mer analysis provides the irnmediate soil response where no pore pressure dissipation has occurred,

while the latter gives the response after dissipation of pore pressures. This approach provides a

general insight into the difference between the short and long term behavior. However, if a more

specific knowledge is desired or needed, then it is not acceptable, because it does not accurately

model the process that actually occurs. Because of the high pore pressure gradients induced in a

cohesive soil during tunneling, consolidation tends to occur during the construction process as well
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as after it. ln this situation, closure of the tail void, and thence the load transfer to the liner is de-

pendent on closely following the consolidation process, and tying it to the construction sequence.

Consolidation effects have been incorporated into tunneling analyses by Adachi et al. (1979),

Johnston and Clough (1982), Finno (1983), Shirasuna (1985), Clough et al. (1985), and Seneviratne

and Gunn (1985) among others. lt is important where consolidation is included in the analysis that

allowance is made for the possibility of dissipation of pore pressures during the construction sirnu-

lation, since this can have an impact on the outcome. Allowance can also be made for out-of—plane

pore pressure dissipation effects in a two dimensional analysis as was done by Shirasuna (1985).

This recognizes that drainage of excess pore pressures can occur into the soil in front of the shield.

3.4.4 Discussion - Constitutive Models

Eisenstein (1986) developed the format shown in Table 3.1 to allow comparison of observed

ground surface settlements to those predicted by frnite element analyses. In Table 3.1, the writers

have extended Eisenstein’s original compilation by adding a few additional case histories. With ei-

ther the earlier data set or the one shown herein, it can be concluded that any one of a variety of

soil models can be used to predict the maximum surface settlement if the soil parameters are se-

lected judiciously. However, the data also show that the distance to the inflection point on the

settlement bowl is not so easily predicted. Typically this is overestimated, and this leads to the

projection of settlements too far from the tunnel, and underestimation of the curvature of the

settlement bowl.

Eisenstein (1986) argues that most soil models are unable to predict the settlement bowl because

they have no provisions to allow for strain localization effects that occur as the soil moves into the

tail void (see Eisenstein et al., 1981; Ghaboussi et al., 1978). Kawarnoto and Okuzono (1977) at-

tempted to deal with this issue by adding local yielding effects determined from model tests to the
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results of nonlinear elastic linite element analyses. Adachi (1985) used a finite element mesh which

U

included slip elements between every set of two dimensional elements to allow for localized move-

ments. Both Kawamoto and Okuzono (1977) and Adachi (1985) were able to obtain reasonable

agreement with observed settlement pattems, but their solutions are specific, and cannot be used

in general.

While it is reasonable to expect that strain localization has an impact on the ability to predict

the surface settlement pattem, the writer believes that other points also need to be considered. First,

it should be remembered that all of the analyses of shield tunneling shown in the Table 3.1 are 2-D,

and as shown by Kasali (1981), full allowance for 3-D effects leads to a more reliable prediction for

the settlement bowl. This means that the simple fact that we use 2-D analysis techniques to rep-

resent a 3-D situation leads us to an imperfect model for the problem. Second, as can be deter-

mined from the cases in Table 3.1, improved surface settlement patterns a.re obtained in 2-D

analyses when soil models are used that provide for an accurate simulation of soil yielding, and

when proper allowances are made for the construction sequence. Inclusion of strain localization

effects into the analysis will undoubtedly represent an improvement of our simulation of soil

tunneling, but if the best of the existing technology is used, satisfactory solutions can be obtained.

Further, in the search for better constitutive models we should not lose sight of the fact that it will

not serve to address the issue of 3-D vs. 2-D geometries. .

3.5 Summary and Conclusions

The soil tunneling problem is one of the last frontiers for application of the fmite element

method in geotechnical engineering. For example, an examination of the literature shows that finite

element· analyses of underground openings in rock have been common since the early 1970s, but

applications to soil tunneling are relatively recent. The soil tunnel has been more resistant to sol-
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ution by finite element methods than other problems because it is complex, often involves param-

eters that are not well defined, and is unforgiving if the analyst does not properly model both the

soil and the tunnel supports, as well as the tunnel construction process. However, the review of ‘

previous work, Suggest that there is an increasing use of the finite element method for analysis and

design of tunneling problems.

Conventional design procedures for tunnels in soil are well developed because there is a con-

siderable empirical data base. Given these circumstances, it is not the role of the finite element

method to supplant conventional methods. Instead the finite element method can serve to fill in

gaps and address unique situations not presently well understood. Further, through parametric

studies, it can be used to improve and extend conventional design techniques.

When the finite element method is applied to tunneling, it should incorporate a realistic simu-

lation of construction because of the staged process of providing supports for turutels, and the fact

that the soil behavior is stress path dependent. In some instances, the simulation of the tunneling

process can be rigorously modeled using a transverse section 2-D approach, but in general, this is

not the case. For this reason, a limited number of full 3-D analyses have been performed for soil

tunneling problems. However, in spite of the decreasing costs of computing, a 3-D analysis is a

major undertaking which calls for access to a sophisticated pre- and post-processor, and involves

considerable extra costs in assessing the data relative to the 2-D approach. Thus, the main vehicle

for finite element analysis of soil tunnels is a 2-D analysis which is modified to incorporate allow-

ances for the major effects of the out—of·plane movements. Reasonable methods for this have been

proposed, and shown to yield acceptable results for design.

There are ma.ny issues conceming the type of constitutive model to be used for the soil in a finite

element analysis of a·soil tunnel. Key points are:

3.0 USE OF FINITE ELEMENT METHODS FOR SOFT GROUND TUNNELING 79



1. Studies by Clough et al. (1985), Rowe and Kack (1983), and Eisenstein (1986) have shown that

a reasonable construction simulation technique is necessary to obtain a realistic prediction of

tunnel behavior, regardless of the type of soil that is used.

2. A range of soil models will allow reasonable prediction of the maximum movement when

compared to observed data if the construction process is reasonably simulated and the soil

model parameters are reasonable (Table 3.1).

3. Because most soil models do not account for strain localization effects, it is common to find

that the curvature of the settlement bowl at the ground surface is under-predicted. lncorpo-

ration of realistic allowances for soil yielding for cases where the soil is highly stressed will

provide reasonable, albeit not perfect, profiles of the ground surface settlement. (It is to be

remembered that the accuracy of predictions of the settlement bowl are also limited given our

reliance on 2-D analyses).

4. Simple elastic soil models can be used for practical purposes in problems where the soil yield-

ing is negligible. Even in this case, allowances should bc provided for soil modulus changes

with depth, and differences that arise because the stress paths are different in areas around the

tunnel.

5. ln problems involving chernically grouted sands, some allowance is needed for the creep that

occurs in these materials during the tunneling process.

6. The high stress gradients induced around the tunnel can lead to local high pore pressures in
I

soft, saturated soils, and rapid dissipation of the pore pressures. This causes time-dependent

consolidation effects, and allowance for them is possible. Altemately, simplilied approaches

for this are available where the problem does not call for a complete solution.
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4. I Introduction

The basic NATM approach involves a staged excavation and support process (see figure 4.1)

which allows for immediate support of the ground as it is exposed. The primary lining is essentially

made of shotcrete (for soil tunnels) and ca.n be reinforced with fibers or steel ribs. Its purpose is

to provide a temporary support for the tunnel during its construction. A final liner made of con-

crete segments or cast-in·p1ace concrete is installed later to provide long-term stability of the tunnel.

Some dewatering is usually carried out prior to construction in order to avoid water inflows during

tunneling.

Because of the presence of the face, any tunneling process is of three-dimensional nature. The

sequential nature of the heading and bench procedure in the NATM causes 3-D stress changes and

4.0 FINITE ELEMENT ANALYSIS OF TUNNELS EXCAVATED WITH THE NATM METHOD 8I
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defomiations to occur. The decompression of the ground along the tunnel axis results in a redis-

tribution of stresses in the soil mass and leads to a new state of equilibrium.

In designing the primary liner, consideration has to be given to the stress release generated in

the excavation area, ir1 order to predict the required amount of shotcrete and reinforcement (if

needed).

4.2 Finite Element Analysis

Modeling of the NATM process is done through a two-dirnensional simulation. While this does

not model all of the complexities of the actual three-dimensional (3-D) process, special allowances

are provided to account for the major impact of the 3-D effects (described later). Other basic as-

sumptions used in the analyses include:

• A single tunnel is considered; its vertical opening (or "diameter”) is D; it is excavated at depth,

H, and covered with a liner of thickness, e. The depth of springline to bedrock is called B (see

figure 4.2).

• The ground around the turmel is a cohesive soil of shear strength, S„_ The soil behaves as an

elasto-plastic material, and its elastic properties are characterized by its modulus, E, and its

Poisson’s ratio, v.

•
The liner is assumed to remain linear elastic. Its modulus is, E, , and its Poisson’s ratio, v,.

• The soil unit weight is y. A surcharge, 6, is applied at ground surface.
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4.2. Tunnel Geometry and Loading Conditions

4.0 FINITE ELEMENT ANALYSIS OF TUNNELS EXCAVATED WITH THE NATM METHOD 84



With these assumptions, the ground and tunnel behavior are symmetnc with respect to the

centerline, and only half of the geometry needs to be considered. A typical finite element mesh used

in the analyses is shown in figure 4.3. There are 119 quadratic elements and 385 nodes. The lower

' and lateral boundaries are chosen such that they have little influence on the moments and thrusts

induccd in the liner.

The construction process is modeled in two steps:

•
In a preliminary stage, the ground is "softened" in the excavation area in order to account for

— the three-dimensional stress release in front of the tunnel face. At this time, the surcharge, 6,,

is applied at ground surface.

• Following this step, the tunnel is excavated ar1d immediately supported by the shotcrete liner.

The finite element program, EXCAVATE, developed by Mana (1978) was used for this inves-

tigation. The program was originally intended for the analysis of braced excavations and can model

the main features of the soil·structure interaction process:

•
Ground excavation, _

• Installation of support system,

• Prestressing of struts or tiebacks,

•
Removal of struts of tiebacks,

•
Application of concentrated loads,

•
Surface loading,
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Figure 4.3. Mesh Used For Finite Element Analysis
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• Gravity loading,

•
Generation of Forces due to temperature changes in nonsoil elements. „

Problems can be analyzed in plane strain, plane stress or axisymetric conditions. Three types

of Finite element can be used:

• Eight-noded isoparametric element,

• Six·noded isoparametric interface element,

• Two-noded one-dimensional bar element.

The ground is modeled as a purely elastic or an elastic-plastic medium. Three stress-strain re-

lationships are included in the program: isotropic linear elastic, transversely isotropic linear elastic,

and elastic-plastic. In this last case, yielding conditions can be characterized by the Tresca or the

Von Mises criterion. The ground behavior is linear elastic until yielding occurs; under yielding, a

strain hardening parameter, H', allows to model strain hardening conditions (H’>0), perfectly

plastic conditions (H' = 0) or strain softening conditions (H' < 0) . The elastic modulus is propor-

tional to the shear strength, which means that a linear increase in the soil modulus with depth can

be considered under initial conditions.

The choice of this program for this investigation was determined by three essential conditions:

•
Capability to model soil structure-interaction,

• Possibility to allow for plasticity in the ground,
i

• Implementation of quadratic elements which allow accurate representation of both the soil

mass and tunnel liner.
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The last point is important because of the need to predict accurate stresses and displacements in the

tunnel area, and in the structural analysis of the liner. Previous attempts to study the problem with

four-noded elements proved to be unsatisfactory because of the lack of accuracy of the elements

and their inability to adjust to curved geometries.

The program EXCAVATE. was modified in order to meet the specific requirements of these

analyses as related to the pre-excavation ground deformation and the liner loads after excavation.

The new version of the program, named MANATM, includes the following features:

• The soil modulus in the excavation area can be reduced by a "softening factor," n, while at the

same time, forces are applied to the boundary of this mass of ground. The ”softenir1g forces”

are equal to full excavation loads for the tunnel opening factored by l — é- and a new state

of equilibrium, with reduced stresses in the tunnel area, is computed after application of the

forces. This option allows to account for the stress release that takes place in the ground ahead

of the tunnel face.

• The stresses computed in each liner element at the end of construction can be sent to an output

file. This file can then serve as input for ar1other program that estimates the thrusts and mo·

ments induced at several locations in the liner. The FORTRAN program HFORMOM was

written especially for this purpose. It can read stresses from a data file and derive the moments

and thrusts generated in the liner sections using classical beam theory.

A preprocessing program, named INATM, was also written to create the input files for the cases

analyzed with MANATM. The program allows the automatic generation of finite element meshes

similar to the mesh plotted on figure 4.3, as soon as the geometric boundaries of the problem are

known.

As a preliminary step, the program was tested on a singular structural ring in order to check the

ability of the quadratic element to model correctly the behavior of a thin liner (see Appendix A).

4.0 FINITE ELEMENT ANALYSIS OF TUNNELS EXCAVATED WITH THE NATM METHOD 88



In this study, the response of a 6m diameter circular ring to pure compression ar1d elliptical defor-

mation was analyzed. For both loading conditions, closed form solutions can be derived and

comparisons can be made between predicted and theoretical results. It was concluded that using a
l

limited number of elements (24 elements for the whole ring), reliable answers could be obtained for

liner thicknesses of 30cm, 15cm and 7.5cm.

4.3 Sofiening Model for Undrained Clays

4.3.1 Introduction

The classical approach used in the undrained analysis of saturated soils assumes that the material

deforms with no volume change when subjected to external loads. This means that regardless of

the K, value of the soil, the Poisson's ratio of the soil should be equal to 0.50, for a ftnite element

analysis.

To examine the implications of such a choice on the modeling procedure used for tunnels, we

consider the case of a circular tunnel driven in an elastic material, with no surcharge applied at

ground surface. The tunnel is l5m deep and the distance of springline to bedrock is 25m. The liner

has an extemal diameter of 6.08m and a thickness of 15cm. Soil properties are defmed by a unit

weight of 20kN/m’, and a modulus of 60MPa and K, values are chosen as 0.5 and 1.0.
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4.3.2 Predicted Surface Settlements

Figure 4.4 shows prediced surface settlement profiles for two values of the earth pressure coef-

ficient, K, = 0.5 and K, = 1.0 and a softening coefficient of 10. The profile for K, = 0.5 indicates

a settlement over the tunnel crown, but heave away from the tunnel centerline area. lf K, = 1.0,

heave is predicted even over the tunnel crown. Neither of these results is consistent with the surface

settlement pattems observed in practice which usually follow a reversed error function in shape,

with the maximum settlement over the tunnel crown. This conclusion is independent of the

amount of softening used in the first step of construction: With K, = 1.0 and values of n ranging

between 2.5 and 20.0, the same pattem as in figure 4.4 is found for the distribution of surface

settlement (figure 4.5). The only effect of using a different softening coefficient is to modify the

magnitude of ground heave over the tunnel.

From a purely mechanical point of view, these effects should be expected: The softening forces

result in a net upward loading on the tunnel area since the stress relieved in the invert is larger than

that at the crown due to the gravity stress distribution. lf no volume change occurs in the material

being softened or outside of it, the softened zone will have a tendency to rise, leading to ground

heave.

4.3.3 Influence of Poisson’s Ratio on Predicted Settlements

lt is apparent from the previous discussion that part of the reason why the model predicts heave

of the ground surface over the tunnel comes from the assumption that the ground should deforrn

with no volume change, i.e. its Poisson's ratio should be equal to 0.5.
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The influence of Poisson’s ratio on the distribution of surface settlements appears clearly on

figure 4.6. On this figure, the estimated ground settlements for the same conditions as per figures

4.4 and 4.5 (with K, = 1.0) are plotted for six values of the Poisson’s ratio: v= 0.25, v= 0.40,

v=0.35, v=0.40, v=0.45, v=0.499. It can be concluded from the results that (1) reasonable

settlement profiles are predicted when v<0.40, (2) a small variation in the value of the soil's

Poisson’s ratio can have significant effects on the distribution of ground movements when

0.45<v<0.50, and (3) when v=0.499 (v=Ü.50 cannot be used in a finite element code), the

settlement induced on the sides of the tunnel is almost balanced by the ground heave at the

centerline.

The analysis of these six different conditions also shows that the value chosen for the Poisson’s

ratio has considerable effects on the amount of stress release l induced by the softening procedure

(figure 4.7); for the same softening coefficient, n = 10.0, 85% of the initial stresses are released in

the softened area when v = 0.25; when v = 0.499, the stress release coeflicient ,1 is close to zero.

In this latter case, softening only results in a redistribution of stresses in the ground, with very little

decompression occurring in the excavation area. In other words, the three·dimensior1al behavior

of the ground at the face is not properly modeled.
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4.4 Generation of Three-dimensional Ejjfects in a Plane

Strain Ivlodel

4.4.1 Introduction

lt is emphasized in Chapter 3, that many of the models used for the analysis of tunnel exca-

vation are unable to predict a reasonable profile of the settlements generated at ground surface. In

particular, Rowe et al. (1980) have shown that three effects can be dcterminant in the proper

modeling of surface settlements due to tunneling using a two·dimensional model:

• the influence of liner weight,

•
the non-homogeneity of the distribution of soil modulus with depth,

•
the ability of the model to account for plastic deformation of the ground around the tunnel.

The influence of the first two effects on NATM projects will be exarnined in paragraph 4.5.

The third effect is less significant for stiffer soils a.nd is accounted for in the present analysis since

the program MANATM can model plastic soil behavior.

In addition to these three points, it must also be remembered that good settlement predictions

could be obtained by Kasali (1982) using a purely elastic but three~dimensional model. This means

that the ability of the model to analyze 3-D effects at the face and construction sequence also affects

the accuracy of the predicted ground movements.
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4.4.2 Model for 3—D Effects

The softening procedure is intended to include 3-D effects in the plane strain analysis of tunnel

construction. However, it has been shown in paragraph 4.3 that even if a relatively large softening

factor is used (n = 10.0), the method does not generate a significant a.rnount of stress release in the

tunnel area when K, = 1.0 and v z 0.50. The reason for that comes from the fact that the softened

zone cannot contract under the applied loads (no volume change).

Figure 3.4, obtained from Gliaboussi and Ranlcen (1975), helps understand why this short-

coming is inherent to any plane strain model. Such a model assumes that no deforrnation occurs

along the direction 0z parallel to the tunnel axis:

sz = 0 (4.4.2.1)

However, the flow pattem represented in figure (l.5)fshows that excavation of the tunnel generates

horizontal ground movements in a longitudinal cross section of the face area. The horizontal

component of deformation in the soil located around the tunnel can be neglected in a first ap-

proximation because the horizontal movements along 02 in these areas are small and do not vary

significantly with z. At the tunnel face, large horizontal movements and displacement gradients

occur, which means that equation (4.4.2.1) is no longer valid. In fact, if no retaining pressure is

applied at the face, which is the case of most NATM projects, the stress conditions in this area are

such that:

az = 0 (4.4.2.2)

This means that the ground at the tunnel front is in a state closer to plane stress than plane strain

conditions. As a result, a better way to model 3—D effects in a 2-D model would be to assume (see

figure 4.8):
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•
plane strain conditions in the whole ground mass around the tunnel.

•
6, = 0 inside the excavation area.

l

In other words, we have to account for plane stress conditions in part of the plane strain model.

A classical way to use plane stress numerical models for the analysis of elastic plane strain

problems (Brebbia, 1978) is to modify the elastic parameters, E,, v,, of the material in order to ob-

tain the same coefiicients in the model's stiffness matrix as those corresponding to a plane strain

analysis. The new elastic parameters, E2, v2, are related to the actual parameters, E,, v,, by the

equations:

1
Q = E2 (4.4.2.3)

I * V1

-L 4 4 2 4V2 —

1-vl
( . „ „ )

In the present case, we need to model plane stress conditions with a plane strain model, which

means that equations (4.4.2.3) and (4.4.2.4) need to be inverted: the 6, = 0 conditions in the face

area can be accounted for in the plane strain analysis by changing the elastic properties E, v of the

softened material to E', v' defined as:

E' = E (4.4.2.5)
(l + v)

· =J- 4.4.2.6v 1 + V ( )

Under undrained conditions (v = 0.50), equations (4.4.2.5) and (4.4.2.6) lead to E' = 90%E and

v' = L- .
3
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The reduction in soil modulus can be included in the softening coefficient n used to factor both

the softening forces and the modulus in softened area. The method should be modified, however,

in order to account for the reduction ir1 Poisson's ratio in the softened area. The improved proce-

dure is implemented for the case of v : 0.5 as follows:

• Step 0: Compute initial stresses and assign Young’s modulus E and Poisson's ratio v= 0.499

to the whole ground mass (including the tunnel area).

•
Step 1: Change the modulus and Poisson's ratio in the softened area to E/n and v = 0.333,

respectively, and at the sa.rne time apply excavation forces factored by 1 - 1/n to the tunnel

boundary.

• Step 2: Excavate and install the liner.

4.4.3 Discussion

The improved softening method was applied to the circular tunnel problem described earlier for

comparison with the original procedure. The results show (figure 4.9) that (1) changing the

Poisson's ratio in the softened area to 0.333 completely modifies the distribution of induced ground

movements, (2) a reasonable profile of surface settlements is predicted with the improved method,

and (3) in this latter case, a softening factor of n = 10.0 generates 75% of stress release in the tunnel

area instead of 5% with the original method.

lt is clear from this example that the Poisson's ratio used in the softened area has a major in-

fluence on the computed surface settlements. This result is accounted for in the present work and

should find application in any general finite element analysis of settlements due to tunncling.
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4.5 fllodeling Conditions for NA Till Design

4.5.1 Introduction

Paragraph 4.4 has shown that it is necessary to reduce the Poisson’s ratio in the softened area

to v = 1/3, if v = 0.5 elsewhere, in order to properly account for 3-D movements at the face. In

addition to that, two other effects should be considered in the design analysis of a tunneling project:

• the influence of liner weight,

• the effect of increasing shear strength and modulus with depth.

These two points are examined in this section for the general case of an ovoid tunnel excavated

at depth II = 15m. The tunnel has a diameter D = 6.08m and a liner thickness e = 15cm. Soil

conditions are homogeneous except that the strength and modulus are allowed to increase with

depth in some cases. The unit weight is y = 20kN/m’, and two values are considered for the earth

pressure coefficients: K, = 0.5 and K, = 1.0. A surcharge 6, = 10kPa is applied at ground surface

and the softening coefficient is chosen equal to n= 10.0. The Poisson’s ratio is generally chosen

as 0.499 for the soil mass and 0.333 in the softened zone. In one case, the Poisson’s ratio is set to

0.333 for the soil mass as well as for the softened zone.

The influence of liner weight is modeled by applying downward vertical nodal tractions to the

tunnel extrados during step 2 of analysis. The magnitude of the nodal forces is chosen such that

the weight of each liner element is uniformly distributed on its three extemal nodes.

The increase of Su with depth is accounted for in the program by choosing a shear strength

profile,
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(4.5.1.1)

with C, aé 0. This also models an increase in soil modulus with depth since E is computed as pro-

portional to Su. In this case, we assume Cu = 53/<Pa, C, = 0.80 a.nd E/Su = 200. With such a

choice, the shear strength and modulus at tunnel level 11ave the same value as those considered ir1

the homogeneous case: Su = 300KPa, E = 60MPa.

The results are shown in Iigures 4.10 and 4.11 for liner thrust distributions T, 4.12 and 4.13 for

liner moment distributions M, and 4.14 and 4.15 for surface settlement s. For each set of figures,

the first one refers to K, = 0.5 conditions and the second one to K, = 1.0.

Four different cases are compared on these six Iigures:

• Case A. Uniform ground parameters with v = 0.499 in the whole ground mass. During step

1 of analysis, v is changed to 0.333 in the softened area.

•
Case B. Same as Case A, but liner weights are added in step 2 of analysis.

• Case C. Same as Case A, but the undrained shear strength and modulus of the soil are as-

sumed to increase with depth.
i

• Case D. Uniform ground parameters with v = 0.333 in the whole ground mass.

4.5.2 Influenee of Liner Weight

Figures 4.10 and 4.11 show that including liner weight effects in the analysis produce no signif-

icant changes on the distribution and magnitude of liner thrust. The same conclusions can be

drawn from iigures 4.12 and 4.13 for liner moments.
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From ligures 4.14 and 4.15, it can be seen that the liner weight increases the ground movement;
i

however, the maximum surface settlement 5,,,,,, at the centerline is not increased by more than 10%.

With K, = 1.0, ground heave produces a reduction in s,„„ during excavation and liner installation;

the movement generated by the consideration of the liner weight essentially balances this heave and

brings the maximum settlement back to the value computed after softening.

4.5.3 Influence of S, and E Increasing With Depth

In Case C, softening with n = 10.0 (J. = 0.96) produced much more decompression in the

tunnel area than for Cases A, B and D (1. = 0.74-0.77). Because of this, all the results (including

those obtained ir1 Cases A, B and D) were adjusted to a stress release coefficient of 75% in order

to allow a true comparison between the four analyses. The adjustment was based on the assump-

tion that liner loads should be proportional to 1 - ,1 and settlements due to tunncling should be

proportional to ,1. This assumption is reasonable and will be justified in the next chapter.

Figures 4.10 and 4.13 show that a ground profile with soil properties increasing with depth

produces liner loads that are similar and smaller than those computed in Case A. This results since

with such soil pararneters the ground is stiffer where the larger loads are applied. Consequently, it

is conservative not to account for soil non·homogeneity in the structural design analysis.

In contrast to structural design parameters, the surface settlements computed with soil parame-

ters increasing with depth are larger than those obtained with a uniform soil profile (ligures 4.14

and 4.15). In this case, the increase in modulus with depth produces smaller invert heave and larger

crown settlement than with uniform ground conditions, thus resulting in larger surface settlements.
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4.5.4 Case of a Uniform Reduction in Poisson’s Ratio

In Case D, the Poisson’s ratio for the whole ground mass is set equal to the reduced value of

v = 0.333. The results in ligures 4.10 through 4.15 show no major difference with Case A, where

v is reduced to 0.333 in the softened area only, and kept equal to 0.499 around.

The liner thrust estimates (ligures 4.10 and 4.11) are similar in all cases (A, B, C, and D), with

Case D leading to more conservative predictions: The maximum thrust value is about the same

. as in Cases A, B, and C, but the thrust distribution along the liner is less regular, with lower thrust

values computed in areas such as the tunnel invert, where high bending may occur.

The liner moments obtained in Case D (ligures 4.12 and 4.13) are almost identical to those

predicted in Cases A, B, C and on the conservative side, with slightly larger estimates in the lower

half of the tunnel.

The biggest difference between the four cases is found on surface settlement estimates (figures

4.14 and 4.15). Case D always lead to larger values of the maximum surface settlement and the

curvature of the settlement trough is underestimated for K, = 1.0 (figure 4.15) when compared to

Case C, where an iricreasing modulus with depth was used in the computations.

This comparison of computational models shows that the value of Poisson’s ratio chosen for

the softened ground is deterrninant of the behavior of the whole ground mass during the process

of softening. In particular, changing the Poisson’s ratio of the softened material from its orignal

value of 0.499 to 0.333 leads to liner forces predictions that are almost identical to those obtained

using v = 0.333 for both the initial and softened ground conditions. In this latter case (v = 0.333

everywhere), the estimated liner forces and surface settlements are close to and more conservative

than the values predicted with the improved softening method. However, it might be necessary to
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account for an increase in soil strength and modulus with depth if accurate predictions of the dis-

tribution of surface settlements are needed.

4.6 Dzscussion

The analyses presented in this chapter have emphasized the strong influence of Poisson’s ratio

on computed liner loads and surface settlements. lt is shown that in order to properly model

three-dimensional effects in a plane strain analysis where the soil undergoes no volume change (v

2 0.5), it is necessary to reduce the Poisson’s ratio of the softened material to v = 0.333. A new

softening procedure is proposed to handle this.

Interestingly, reducing the Poisson’s ratio to 0.333 in the whole ground mass produces results

similar to those obtained with the improved softening procedure. These results are not changed

much if we account for liner weight effects and increase in strength and modulus with depth in the

model.

In future analysis of the NATM process, a uniform reduction in Poisson’s ratio to v = 0.333

is applied to the soil. This choice is based on the fact that: _

• The results are not very much different from those obtained with the improved softening pro-

cedure and are on the conservative side.

•
The predicted values of smax are conservative relative to those generated when liner weights

and increase in modulus with depth are included.
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• The model allows to account for layered soil profiles where the tunnel is excavated in clay, but

overlain by sandy layers in which the actual Poisson’s ratio is closer to 0.333 than 0.50. Such

conditions are not unusual in the caseof shallow tunneling projects in urban areas.
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i 5.0 PROPOSED DESIGN METHOD FOR

NATM PROJECTS

5. I Introduction

Design for a NATM project in soil is complicated by virtue of the three-dimensional nature of

the construction process, and the nonlinear response of the soil. Designs are based typically on

experience or a case-by·case application of the Finite Element Method. For design, it is necessary

to predict the thrusts and moments applied to the liner as well as the settlements induced at ground
I

surface. These calculations can be repetitive and time consuming. There is a need for simpliiied

design charts which can account for the main characteristics of the NATM projects. In the present

work, the Finite Element Method (FEM) is used in a parametxic study of the excavation of a

shallow tunnel by the NATM method. The results of the study are cast in a form to allow key

design parameters to be easily calculated, without recourse to the FEM. The method addresses

only the question of the initial liner support system. .
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To simplify conditions for the parametric studies, this investigation focusses on a single tunnel

constructed in homogeneous soil. The issue of the effects of an adjacent tunnel are considered

briefly later in the study. i

° 5.2 Paramctric Study

The project conditions and modeling techniques used in the analysis are described in

Chapter 4. The major assumptions are:

•
The tunnel has an ovoid shape.

Q The ground around the tunnel is a uniform, cohesive soil. It behaves as an elasto-plastic ma-

terial.

•
The Iiner is linear elastic.

l

The problem considered involves the following parameters: .

• Dimensions: D, H, B, e.

• Unit weight: y.

• Pressures and strength parameters: 6,, S, .

• elastic moduli: E, E,.

• earth pressure coefficient: K,.
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•
Poisson’s ratios: v, v,.

• softening factor: n.

The purpose of the analysis is to predict the thrust, T, and moment, M, induced in the liner as

well as the maximum surface settlement .v,,,,, . In order to allow a more general use of these pred-

ictions (that would be independent of the unit system used), it is convenient to introduce the nor-

malized unknowns:

(ds + vH)D (6,. + yH)82
l D

From dirnensional analysis, we can then expect the solutions for

T——-——· , ——-—— , —- to be dependent on the followrn drmensronless arameters:(¤. + vH)D (¤„ + vH)¢’ D g P

• Dimension ratios: inil},•

Pressure ratios: -2, li , Ä, ß , E-.
S, S, E E E,

• Dirnensionless factors: K„, v,, rr.

Because the assumption of undrained ground response, it is implicitly assumed that the actual

Poisson’s ratio of the soil is equal to:

v = 0.5 (5.2.1)

even though a different value is used in the finite element analyses (v = 0.333) as part of the

modeling procedure used to account for 3-D effects (see Chapter 4). Also, the softening effect can

be measured by the amount of stress release J., defined from the ratio between the average stress,

6** , after softening and the initial stress, 6** .
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Tl

1 - 1 = % (5.2.2)
6

Metric units were used in the present study.

In the study, the influence of a few parameters was analyzed in detail. These parameters include

the tunnel depth H, the soil shear-strength S, , the soil modulus E, the softening factor n. The

following conditions were examined:

_

' •
H = 10m, 15m, 20m, 30m.

•
S, = 100kPa, 150kPa, 300kPa.

•
E = 7.5MPa, 15MPa, 60MPa, l50MPa, 255MPa.

•
n = 1.0, 2.5, 5.0, 10.0, 20.0, 40.0, 80.0, 160.0, 320.0.

The genera.1 study was completed with the other parameters equal to some current value for NATM

projects. However, a few other cases were also considered in order to gain insight into the effect

of these parameters on the solution. These choices are listed below, with the first parameters value

being the one used in the general study:

•
B = 25m, 45m.

•
D = 6.08m, 3.04m.

•
e = 15cm, 7.5cm, 20cm, 30cm.

• y = 20kN/m3.
i
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•
o, = l0kPa, 30kPa.

•
E, = 15,000MPa, 6,000MPa. ·

•
K, = 0.5, 1.0.

0 vc = 0.17.

In selecting the pararneters to be exarnined in detail, the main considerations were that (1) a

majority of project conditions would be covered and (2) allowance would be made for uncertainties

inherent to some of the pararneters.

The first point relates to geometric and geotechnical conditions, as well as structural properties.

Parameters such as the soil unit weight, y, or the modulus of shotcrete E, do not change much from

one project to the other. However, the tunnel could be driven at different depths, II, and encounter

soils with different strengths (i.e., different values of S,).

Regarding the second point, uncertainties about both the soil modulus E and the softening co-

efficient, n, were considered. This latter parameter is in practice determined in an empirical manner,

on the basis of expected soil conditions as well as analysis type. A softening factor of 1.0 means

actually no softening at all; the soil modulus remains unchanged and the softening forces (propor-

tional to (1 — %) are equal to zero. On the other hand, using a softening factor equal to infinity

would be equivalent to full excavation of the ground. In most cases, none of these extremes apply

and a finite value of n greater than 1.0 should be used. In deciding on the amount of softening to

be applied prior to excavation, attention should be paid to the fact that, the larger the softening

factor, the larger the stress redistribution around the future tunnel opening, and the lower the loads

that will be asked of the tunnel liner to carry. In other words, using a small value of n would be

conservative for the analysis of liner forces; using a large value of n would be conservative for

settlement estimates. On the Washington Metro E8a project, where the soil conditions consisted
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of overconsolidatcd clays and sands, three values of n were considered in the preliminary design

analysis:

•
n = 2.5, for the analysis of liner loads on the initial liner;

•
n = 5.0, for the analysis of liner loads on the final liner;

•
n = 10.0, for the analysis of surface settlements.

It should be emphasized that a larger amount of softening was chosen for the initial liner than for

the final liner, which means that in the first case, more load would be carried by the soil. Part of

the rationale for this distinction is that the initial liner is temporary, and can be designed less

conservatively than the final liner.

5.3 Ground Reaction Curves

The concept of the ground reaction curves was developed over the past twenty years together

with the implementation of the convergence-confinement method. The basic idea is to account for

ground movements that occur in the tunnel before the supports are installed. lt is important that

such movements not be involved in the process of liner·soil interaction since they occur before the

liner is installed and do not cause loading of the liner.

In theory, ground reaction curves only apply to circular tunnels in uniform and isotropic ground

conditions (figure 5.1). They relate the radial stress on the tunnel boundary to the radial displace-

ment of this "b0undary” in the mass of ground located in front of the tunnel and which has not yet

been excavated. The radial stresses, 6,, are normalized to their value before construction, 6;*, and
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Figure 5.1. Circular Tunnel in Uniform Isotropic Ground
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the radial displacements, u, , to the elastic displacement, 11;** , that would occur after completion of

the excavation (assuming that the soil remains elastic during this operation). lf the ground actually

behaves in a linear elastic ma.nner, the ground reaction curve plots as a straight line, going through

the two points (%,-:7%) = (0.0, 1.0) and (%,-E?) = (1.0, 0.0) in the plane (%,%). lf the

soil should yield, then is increased, and the ground reaction curve will depart from the straight

line. However, for elastic perfectly plastic materials, a finite value of is always reached for full

excavation of the tunnel (% = 0).

The use of the ground reaction concept was extended to cases of irregular geometries and non-

uniform ground conditions in this work. In this investigation, ground reaction curves were plotted

by averaging the normal displacements and stresses over three points along the tunnel boundary

and plotting versus 7;- with 6,, 6;*, u,, ll;’° defined as follows

(x(resp.y) rcfers to the horizontal (resp. vertical) direction) :

6, = %- (6y(invert) + 6,,(springline) + 6,(crown))
A

(6;* = value of 6, in initial conditions)

1.1, = ä
(u,,(invert) + u,(springline) + u,(crown))

(u;,”
= elastic value of u, for full excavation of the tunnel).

Even though ground reaction curves could actually only be plotted for uniform conditions, the

concept is useful, and allows an estirnation of the amount of stress release, J., that could be ex-

pected for a relative average displacement -1;},- on the tunnel boundary. Since norrnalized pararne-

ters are used in this work, the plots can be interpreted as the value of 1 - Ä. (equation 5.2.2)

corresponding to a given relative displacement The ground reaction curves were plotted for

several values of the overload factor. g

1v = (5.3.1)
$11
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The results are presented in figure 5.2 for K, = 0.5 and figure 5.3 for K, = 1.0. With small overload

factors (N 5 1.00), the soil remains elastic during softening and the corresponding ground reaction

curve follows a straight line. For larger values of N, ground reaction curves assume nonlinear fomi.

The fnite element results showed that the nomralized plots were not influenced by the tunnel

depth, diameter, nor the soil modulus. Therefore, the curves shown in figures 5.2 and 5.3 can be

used for any tunneling project, provided the ground is a uniform cohesive soil and a reasonable

value of the overload factor is chosen.

5.4 Theorctical Background

5.4.1 Closed Form Solutions

Closed form solutions for liner response are examined to set the stage for the evaluation of the

finite element results. Several closed form solutions were derived by PANET (1986) for the case

of circular tunnel excavated at large depth (no variation of stresses between crown and invert) in a

uniform elastic soil, with an earth pressure coefficient K, different from 1.0.

In his analysis, two pararneters are introduced. One for the compressive capacity of the liner:

l + v 8 E6
R,-21-vg D E

(5.4.1.1)

and the other for the flexural capacity:

— -——‘+ “ L 3 s 4 1 2
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These two coefficients mcasure the relative elastic properties between the Liner and the soil with

respect to normal compression and flexure. They can be used as altemative pararneters to two of

the dirnensionless coefficients introduced in paragraph 5.2, and In particular, we have the

relation:

Rf e 2
‘

= 3( (5.4.1.3)

This equation shows that for most cases (e 5 5%D) , R, is much smaller than R, .

R
:(7.5)

IO"] (5.4. 1.4)
Rc

Panet’s solution for thrust and moment induced on a structure with perfect adhesion to the sur-

rounding soil (which should be the case for the shotcrete Liner being considered) can be written:

l + Ko 4 I — KO
T- Ko)X 6 (2Z — Y)(3 — 4v) cos yH)D (5.4.1.5a)

I " Ko 2 · 2
M (3 — 4v)( 8 ) (Z — 2Y) cos yH)e (5.4.1.5b)

where X, Y, Z are deterrnined from the following equations: „

l l
(l (5.4.l.6a)

[zh - 2v)]Y— [%+4(l - «)]z=1 (5.41-6b)
C

[-L4-l(5-6v)]Y+[l·+2·(4—6v)]Z=I (5.4.1.6c)
R, 3 R, 3

and 6 is defined as in figure 5.l (angle to the horizontal of the point on the ring where T and NI

are estirnated).
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A simplified expression can also be derived for the maximum surface settlement induced by

tunneling,

. 2
—v)] (5.4.1.7)

This value of r,„„, was found by using Panet’s (1986) elastic solution computed at a distance H over

the tunnel axis ar1d making the assumption that terms of the third order in 73- could be neglected.

5.4.2 Solution for Thrust, Moment and Settlement

The solutions shown in paragraph (5.4.1) account for the stress release Ä. induced in front of the

tunnel face during construction. lt also introduces the influence of stress anisotropy around the

tunnel (K, aß 1.0) ; in particular, the moment computed from equation (5.4.1.5b) is equal to zero

when K, = 1.0. Expressions (5.4.1.5a), (5.4.1.5b), (5.4.1.7) can be written in a general form:

11 + K, Re + E Rx
T= ———- —-———— [1 + A(R,, Rf, v) cos 29](l — J.)(6, + yH)D (5.4.2.1)4 1+R+lRC 9

fi

14-—:—[$‘LBR R 201-11 + H)4
’

54221-
24

(C,f,v)cos( )(a, y e (...)

l + v D
smx =T-?

[1 + Ko + 4(1— K„)(1 — v)]A(a, + yH)D (5.4.2.3)

where A, B are functions of R,, R), v deterrnined from equations (5.4.1.6a), (5.4.1.6b) and (5.4.1.6c).

For the finite element studies, a broader range of factors is introduced than those considered in

closed form solutions:

• the tunnel has an ovoid shape (noncircular geometry)
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• the stresses are larger at invert than at the crown (non·uniform stress conditions)

• the soil may yield if its shear strength is not large enough (yielding effect).

These irregularities should modify the expression of thrust and settlement provided by equations

(5.4.2.1) and (5.4.2.3) and generate additional moments on the liner.

5.4.2.1. T/trust and Moment

Because of the complicating factors introduced in the finite element analyses, there is no reason

to expect that the influence of the angle 6 on the expressions of T, M should follow as simple a

pattem as predicted in equations (5.4.2.1) and (5.4.2.2). However, the consideration of these two

equations together with the additional effects that need to be included in the present analysis lead

us to expect a solution for T and M of the form:

T: T T(1< L L lv 6) ($.4.2.1.1)max Ol
D

I I 1

e EM = MmXM(KO, — , — , N, 6) (5.4.2.1.2)D EC

where T,„„(resp. M„,„) represent the maximum value of the thrust (resp. moment) over the liner,

and T(resp. M) account for the variation of thrust (resp. moment) with the angle 6. The following

assumptions were made on T„,„,, M„,„,:

1 e 2
1 K 1 + - ( ‘)

Tmax = Rf, RC, N, „1)(l - l)(o·s + yH)D (5.4.2.1.3)
1 + 7151 + T

Almax : g(I<„, Rf, RC, N, „1)(I — 11)(6, + yH)e2 (5.4.2.1.4)

where ß g are functions of the five parameters K„, R/, R„ N, A .
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5.4.2.2 Scttlenzevzt

Regarding settlement estimates, two contributions must be accounted for:

•
the settlement .r,L,„, due to excavation

• the general ground settlement .v,f,„, induced by the surcharge c,

Since the ground should remain elastic out of a limited area located around the tunnel, we will as-

sume that the maximum surface settlement .1*,,,,,, can be computed by addirig these two effects:

_ 1 2
smax - smax + :,,,3,, (5.4.2.2.1)

Only the undrained settlement was considered in this study. Based on the conclusions of

Chapter 4, the Poisson’s ratio to be used in plane strain conditions should be taken equal to:

V
-
L (6.4.2.2.2)
3

and s,i,„, can be computed from the general equation (Clough, 1969),

2 2J-max Gr l — v — Zv
-—- = ———- 5.4.2.2.3
H + B E 1 — v

( )

i.e.,

(fm - -3- % (H + D) (5.4.2.2.4)

Equation (5.4.1.7) leads to

+ H
(lm = (()_47))_%-3 D (5.4.2.2.5)
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However, this expression does not fully apply to the present case for the following reasons:

• The assumptions regarding the regularity of tunnel geometry and soil properties are not valid.

• The soil may yield.

•
The elastic deforrnation induced by the excavation on the mass of soil located below the tunnel

invert generates some heave of the ground and, therefore, reduces the amount of settlement

observed at ground surface.

These considerations lead to a more general expression of the maximum surface settlement sm,

which could be written according to equation (5.4.2.2.1):

+ H
rmu = [/1(N, 11,%)-%%- + %—‘!—¥% 30 (5.4.2.2.6)

where h is a function of N, Ä.and5.5

Parametric Studies

The parametric studies described in paragraph 5.2 were focused on the effects of tunnel depth,

soil modulus, and amount of stress release and ground yielding. A few other analyses were also

canied out in order to account for the influence of the other parameters, which in practice do not

vary very much from the chosen average values. The developments given in paragraph 5.4 were

used as a guideline for the interpretation of the results provided by the Finite Element analyses.
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5.5.1 Thrust in the Liner

The value of the thrust computed along the liner for a tunnel driven at 15m in elastic ground

(E.= 60MPa) is shown in figure 5.4. Five different values of the softening factor (including no sof-

tening) have been considered. (Standard Mechanics of Materials conventions were used for the
i

computation of normal forces in the liner and the thrusts are therefore negative when the shotcrete

is in compression.) The location along the liner is detemiined by the angle 9 (9 = -90° corresponds

to the invert, H = 0° to the springline and 6 = 90° to the crown). All five plots show a similar

pattern of variation with 6. If we norrnalize these plots to the maximum thrust value obtained for

each softening level, the new curves plot almost perfectly on top of each other (figure 5.5). This

result tends to prove that the assumption made previously on the thrust estimate (equation

5.4.2.1.1) is correct and that the settlement profile T(K„, R/, R„, N, 9) is independent of the amount

of stress release allowed before excavation. Thus, T and T„,„„ can be exarnined separately.

5.5.1.1. Thrust profile

The normalized thrust profiles were plotted for K„ = 0.5, E = 60MPa and different values _of the

tunnel depth and of the shear strength .S'„ (i.e., various overload factors N). The results (figure 5.6)

show that these profiles are very similar. Therefore, the tunnel depth (as assumed in equation

(5.4.2.1.1)), as well as soil yielding, do not significantly influence the thrust profiles. The noxmalized

plots obtained with four other modulus values are compared in figure 5.7. They show very little

difference with the plot for E = 601\«IPa. Another analysis with a tunnel diameter D = 3.04m and

liner thicknesses of 15cm and 30cm (figure 5.8) lead to similar conclusions regarding the effect of

—l% on the thrust profile. However, the variation of T with 9 is strongly influenced by the value

of the coefficient of earth pressure at rest. Figure 5.9 shows the normalizedplots corresponding to

K,, = 1.0 . The thrust is almost constant along the liner (slightly larger in the lower part of the
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tunnel), whereas a defmite maximum is found around the liner haunch when K, = 0.5. These re-

marks cause a revision of equation (5.4.2.1.1) to a new form.

T= Tm,xT(K,, 9) (5.5.1.1.1)

5.5.1.2 Maximum Tlzrust

The parametric study shows that the influence of tunnel depth, diameter and thickness, as well

as the softening effect are accounted for by equation (5.4.2.1.3). The function /(K,, RLR,, N, 1) is

independent of ,1, and shows very little variatiori with R/, R, and N. It is roughly equal to 1.15 for

K, = 0.5 and 1.00 for K, = 1.0. Therefore, the maximum thrust can be written:

1 e 21 + Ko ‘ + 7 (
(5.5.1.1.2)

1 + 7 ( 71 +E

with R, = 0.15for K, = 0.5 and R, = 0.00 for K, = 1.0.

The results predicted from equation (5.5.1.1.2) are compared to the Finite Element solutions

on figures 5.10 and 5.11. In both cases, the tunnel is 6.08m in diameter, 15m deep, with a liner

thickness of 15cm. The softening factor is varied from 0 to 20 and live modulus values are con-

sidered (E = 7.5MPa, 15MPa, 60MPa, 15OMPa, 2S5MPa). The earth pressure coefficient is equal

to 0.5 and two soil conditions are analyzed: Elastic behavior (figure 5.10), with a shcar strength of

300kPa, and a case involving a yielding effect in the soil (figure 5.11), with N = 3.10 and S, =

100kPa. Both sets of plots show reasonable agreement with the computed solutions. Similar re-

sults were obtained for other cases with different values of K,‘e, D, H. Solution accuracy appears to

be within 10%.

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS 133



O
I, °°

O „· 1
1 O,' I\

1 O
1

~" 0 C
E

.' O„1“
LO

," T-
I .' / ',’

1 Ä_,
1 N·’

CD 0
GJ

(D,-:2··‘° /,/1
~ n

—. 1aa _: Q) ua
5 o

'
,1 1/ s-d III,O-

O- „_
(D O. Q. CL IL CL "f' C) Q

X X X X X *°3 3 3 3 3 C 3.:11
·.\ IIIIII ll II«_ za ¤ za : ¤ 0 CQ 6:

“> N EEEEE
O IO I-D O O }_
II II II II II
IIIII O

21 1 1
I I I 0

LL
F}ll„‘0\_ xUIC x

‘„
·.

" O
Q

O LD O ID O I-0 O ID
Q Q Q Q Q N N Q
v- O O O O O O O

O]. DSZHBLUJON ],Sl”]Jl.I_L

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I34



0é . °°L' / {

o ./F” »' O
L L.: ’« U)

Q

o
°ö„<‘?’
5Air" ·—

. {/;.:,* ä

O__,;r>"'as { { E AY In Mo' E E E E .0,2- E O O 0 0 52/‘ *9 · · 6 ui 2,¢' IN ,*2 8 ID an u.1Ü, v- N OII II II II II Q C_ _; ; LU LU I.LI LU Lu cnY 1 I ; 2 Q) 3’ .··° ·' 1 1 E : Q) w.' .· ·' 1 1 E ‘
*"l F / i 1 5 <. _. _ . . Q O)

__,
.// 5 ' v- U)Q ,' Q) Eg //-‘”,’•

„ .» ' »z IE_g_ 1/ .' ,_
1 . ,·1//VJ

Oy #7 Q) ZI
C S„.
< m2

O GD D
2 3

E
'ö
VJ

•_
Ö· 3 g°“v_—_T-_~
O

éQD ‘Ü.‘_—._
Q E°‘A

*
2

—. 2
C \x X 3" O .9Q7 LL

2- LD c> ID cn an IN ID co th In
*9 6 **9 6 'F 6 *9 6 *9 60 0 0 0 0

LUNLUIXBW Ol DSZHBUJJON lS|’IJL]_L

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS l3S



O
, I 9*1 »·

9 . / /,1

/eu 1 -·
1
/ -·’”/

IQ
E1nLU

I—’ § E <¤ E
E / 1 __„· ua en o

“*
I-EID / _1 1- 1- (V)
H

IT / ,··’ ll 2) 2) Q1 —·
I /jl’

W g o cW / °° °° co o
, ' co cn zo CD gI II II/1

,= Q D Q Q) E/ 1* I I & O1 ,·‘ I I O Q) o
Q 1 .« I I

*‘
q; <¤C / —’- i e E. ° U c

/..1* O CD I-
1
/

7*

__ *_
_,·‘

· C78

GDO ¤=
C

X “*
OX In O)I

X ¤>‘· "‘·~X ‘~ vv
t \ ‘\._\I x\
g x_ \
Q \ x·— O

9*
1- co <¤ v N c> co <o <r N co cu <¤ v N r~ co co9* 9* 9* 9* Ö Q Q Q Q Ö 'Y N N 'Y Ö Q Qo O o o 0 o o 0 o 0 O 0 0 0

O], DSZHBLUJON lSI°]JL|_L

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I36



6
C Ö)
Eo
Ö eu

& 6ä E ~u 2:1<¤ LLA
E 3
E E Q
O ID v-
<¤ *' uII II Ou.I I O ac

(0 »·s *6U, •—

3 3
— g

¤ G EE F 9* ***= U 2
""ä

E Q 2 ä*9 *7 O7?5C E
QD ¤i

Q ID
' E

ä
LZ

6
*9

° 6

t Idl *o>E I.‘
6
9*

„- ID cz In ¤¤ ID :~ LD 6 ID
°? 6 *9 6 *% 6 *9 6 *96 6 6 6 6

Sf1|E/\ uJI‘1L.U!XB|/\| O1 DSZMQLUJON 1Sf1JL|_L

$.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I37



I! 8
Q1! 1;1: ua

,11 N.· Z OGS ·¤ <¤ E E S/1' ¤¤ 0¤- § § E E :! " ÜE O O 0 0 61: gLL? · ·c$ 16 5:: LU
1~ Q

8 ID nn ;:; Q
F v- N fll. , 0 äII II II II II 211 «-1.u 11.1 u.1 LU LLI ju E

0 Z E 1 ‘ EI? "'

I
: III §

E Q 2 1 i ff;Clg
1- L1 611 6 (5II E1! N

" Z ig; ·1— -•—• •··
°’

m § ;«! C6 E
GE, ä B Q-OÜÜ FU U- äQ < Ä} 2 O)Q II LL! _.~·‘ L! C Ä
"

3 1.1. /! .- E
Q U) _.‘/_]

C
U-
'O

LL" O j Q 4;- äF H .-’1i. 1 'O¤¤ o ,,1 O 1.I I (Ü E

. O E4/ cbq_
/_./ 0
4/ CD

9 / ’
51--, ,. .w

.. .- -· J? TF" E
o

•, — v O O
Y"

0 0 0 0 0 0 0 0 0 0 LO
3 3 E 3 3 3 8 3 $3 g

.97u.
(UJ/NX) X'QLU_|_ lSI’1JL|_|_ UJVIUJIXEI/\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS 138



1_~ I

Q
11 11 O<¤ ä 1;* 2 ¤1• CL E E E E -5 1 1 ~ EE Q Q Q Q fi 1 '” E

'Q Id Ö O In :2* 1 1 2IN ,_
O 5

II II II Il II :51;~·UJUJ LU LU LLI 1 1 I:
1 1 _! q 2

Z 21E
$2 :211 1;::1 cg

U Ö O' YS:11QII gg 1 1 cu O o
II Z c 1 1 F '°ö° S9

·° I 1 (U C
E x 1 1 L1_

EQ O Q 'rIQ$3 111 . ¤• $3 ou mII 1-11 1 I1 g; «>
O 0% u. /1

Lo
E I I Q Um Q //1 1 J:Q 1 1 OQ ‘c

I CD 31]::
I

(D U1 1 2

f 31 V E„· _.-· 1 _1 0
’· _.-‘ 1

Q

O

4 B1 Soo

o o o o o o o o
’7

o o o o o o o o Qc> c¤ r~ zo un 0 N «- 23.91(11.1/N>1) xrau1_1_1smqJ_ wnwgxaw w

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I39



5.5.2 l\1oments in the Liner

A similar approach to that used for the thmst was used to exarnine the effect of the different
J

parameters on the liner moment. The moment along the liner is plotted on figure 5.12 for five

values of the softening factor n, and for the case: H = 15m, E = 60MPa, S, = 300kPa. All five

· plots show a similar oscillating pattem with a maximum around the haunch, and much lower values

in the upper part of the liner. When normalized to the maximum moment (figure 5.13), these plots

are almost identical, which again confirms the assumption made in equation (5.4.2.1.2).

5.5.2.1. .M0ment Profile

The normalized curves plotted on figure 5.14 are designed to evaluate the influence of H and

N on the moment profiles. No significant effect is evidenced except for a slight increase in moment

at springline when the soil is yielding (M value gets larger).

The modulus E (figure 5.15) and the ratio (figure 5.16) seem to have a modest effect on the

shape of the curve M(K,, , , N, 0) . For E = 7.5l\/[Pa, the maximum moment is reached at

the invert and the moment at springline is smaller than with E = 60MPa. Figure 5.17 shows that

moment profiles, plotted for the same R, value (E = 7.5MPa, e = 15cm, D = 6.08m and E =

60MPa, e = 15cm, D = 3.04m) are almost identical. Therefore, the parameter that should be

considered for the estimate of the moment profile is R, and equation (5.4.2.1.2) can be written:

M = Mm,xM(K0, Rf, 6) (5.5.2.1.1)

However, for practical purposes, the profile for E = 60MPa provides a good estimate of the vari-

ation of moment with 0. The influence of K, on the moment profile is confirmed by the analyses

carried out with K, = 1.0 (figure 5.18). The variation of M with 9 is more regular in this case than

with K, = 0.5, with the moment magnitudes at invert, haunch, and springline being almost equal.

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I40



E2
2 IE I 1O I; I 1“

fé I 1O J5 1
/ ./cu 1 1 ‘ O

Q.
1/ j,

N

ä E 1 ,1/ om
co <-> 1 5 c
" E /1* o oo31. 1 gi _ _

U) II 1 [ 5:: O O O In O
tg

G) //
/ {I (D N In v- 01 Eq_ _„/”

1 ii O II II II II „_
E E .< 1 5: Z C C c c E-1 \ 32 5 - .3 x =-1 1 { { 2 IOF!H ·X1 ‘ EX E I I 0 ,«
Lu I I

Q 8W ¤> CD LQ,
IX ""·@ 8 ·§

if
%

-— 111(F. ,1 07—. _,./~·** · E) Q
TE

I 5* ; (Q)
I E ; ' ,\“~.

Z
1 *7·, ID

X ·„ 0"l

‘_
Q

q I'-5§

FFC
{ E I I— 0

O
ID 0 I-D 0 ID 0 ID 0 um 09* 9* *7 *7 ' *7 *7 9*

(LU/U-VN>|) lU@UJ¤|/\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I4!



oc c>
Eo
L

O

g E
«-J
II
Z

E 3 vz
x o
3 n
mE QHg ‘_
gg- O 2
N II Ütäq

o U)-¤. mg
gg (DE
@1- ge
u II omg

g MI *‘a>6= Ü °VU

C E<( o
Z

OG) ’

<:> C
nn
S3
.9*

3 u.

GD O
'T

a>
>c
=@-

o
W

Q¤l¤Q'%<Q‘0‘!<'2^!·1Q·1¤!<'!‘!L¤<Q'%¤¤«·-ooooooooooq>9q>q>q>Qq><;

LUV1LU!X'Q|/\| Ol p9Z!|'€UJJO|\| lU9LUOV\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS l42



.c .„ °’
gQ

!,=I' as eu as I6 as
O [.3/ m IL CL CI. Q.

1/ X X X X XIy o o o o o OO O O LO O N Q
, II II II II II/· 3 3 3 3 3 II

/ (Ü (Ü (Ü (Ü (Ü C
,1 E E E E E O E, o LD LD o o m o

/ 1- 1- 1- N (Ü ' ID.»‘ II II II II Il *1
x IIIII Q

I I 1 : o l
- *l„1 I I ä : co »« E

I I ä = w 3- I I ; Z Q)
Lu

O„_ 87 O
E

°~‘~ ‘
II

Q. \ Ü Q
2* /| L! ¥>‘,·’

o1*
I CD W

1 1- — ·· 1 C g1 < E-·1‘“"
o GD *5Q7 <I>

E

1——*—>S„-„ $ 3
‘N L

äI
O LT

I °Al · ‘ 1
E

‘
I I> II I IE l E I O97

o N N N N N Y N N *1 o *1 N N Y N N E„; Q O O O O O O O O Ö Q Q Q Q Q Q Q

GRIP/\ LUI'IUJ!X'Q|/\| O1 DSZHBLLJJON 1USLUO|/\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I43



· o
I: . .4 °'*
E is 6/
Q I5 [I =

O (Ö'. [/U (D
_ ,17* jf O 0

_.-*‘;}"”· N

.9
.· EQQQQ E"Q ui Ö O In O .CID LO ID 0

.-y '° 0 v- N Q
1* II II ll ll II 0

5 ILILULUUJLIJ g‘k-
I I I 2
I I

I
ä Z LU‘”·~-__

I I i Z rxI I : U)

U,
HI ° 07 22

’ ¤> 2= I : °U 0»a E.—
: o

E. __ __,.a o EVJ *7 O') S,.„-·"’
<( Ü

x' S
O GD
<?

o
E

O {

2 8
W-· o
0

N 5
I: N ' gÄ I: x 2

II I·.»’ ‘ o ui2 2
Q°?°Q'%<Q“?‘*i‘*!<‘!*1‘:2*T<‘!"2’*T“?‘9'$°Q°2¢!«—oooooooooo<pq><;<;><pq><;q>q>«; u-

LUI'1LU!XE|/\| Ol p9Z!|EL.UJO|\| lUS|.L|OV\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I44



CE —·,
8O

_./

X 666 O
/ O O O N/· InI0O

E / NTT?
Ä- 0 0G)N°—

QQQ ·-E SSS äJ;
T? ük ¤¤¤ §

E : SAE
an · ' g °1- I E
II Q)

EI
0I C E

G) 2 8* S
E *0 9"’

E
°C Q) C
0. _/A o — ,3U) _„—··" "T C7,.

..«—··*·"T C °< Ü___.„S Q"T?
0: EO 3"’

E
<d
*7

O In
uv 3. I.9*

LL

\\\ [T
\.

·: \

ä x
" S

¢?°?°9N"?"?*‘€<'?°!'1C?*T"!"!‘*I“?‘*?'%°‘?°?Q
T O O O O O O O O O O Q Q Q Q Q Q Q Q Q T

LL||’1UJ!XBV\| O], pSZ!|ELUJON lU8L.LJO|/\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I45



O

é . I. ¤>
9 1: E g
O .' Q O/ Q G;-/" ‘°

II °‘ __/' II Q
NO. é 2° E ,2 2

Ü ·‘ <> Ü:

··
EL

“’
S

°l - E1 ,3 E <>
1 E 2 E
1 ln O C\.__

. O
C') O

"· . " <o U) g~\°°\ II II GJ ‘o
· CU\ F"

“'
9 9,

1 ! 2 ¤*<>0 .
..£;.-/ I Q ·-y Q SG) EO —°

0<'* ., v ·•ö
<(

8
O GD g’ 9* zu

°ä

‘~~-._ * g
~ .9

U.
@ Q

E- °t
1

Cb2
"

— O
9*

Q°*°9'%‘9"*"Z‘9°!*T¢!‘T°!<9‘€“*‘9'%°99*Q
1- O O O O O O O O O O Q Q Q Q Q Q Q Q Q WT

l.U|'1LL|!XE|/\| Ol DSZHEUJJON lU8LUOV\|

5.0 PROPOSED DESIGN METHOD FOR NATM PROJECTS I46



o
Q GJ
Eo
L
O

g E
Y"

II
z

3 o¥ «-1o
O II
mE o
n 0 acsm —
cn] 3 2
as "o¤.° (nä
EE ¤J 9Om (Do.Ü}? C, ***6

CD UJI P gg‘¤ <>• ~.¢E
QU

SP3
¤ C E
< o

‘
@2

<:> E
ui
0
L

3}
3 LI

® O
'T

o
E
=®— oCP

LUI’1UJ[XE|/\| O1 p8Z!|ELUJO|\] lUSLUO|/\|

5.0 PROPOSED DESIGN METIIOD FOR NATM PROJECTS M7



5.5.2.2 Alaximum Alomwzt

The parametric studies confirm that the effects of depth, diameter, thickness and softening on
J

maximum moment are included by the factor (1 — l)(6, + yH)e’ . The different conditions con-

sidered lead to the following expression for the function g(K,, R), R,, N, Ä) introduced in equation

(5.4.2.1.4) to calculate maximum moments:

_ _; E Eg(K,, Rf, RC, N, J.) — a(K,,
D

,—Ev)(1 + ß(K,, N, ?),l) (5.5.2.2.1)
C C

The values of a(K,, , —g) are shown as a function of Ei on figure 5.19, for K, = 0.5, 1.0 and

%- = 2.5%, 5.0%. Figure 5.20 shows the variations ofß with for K, = 0.5 and K, = 1.0. Four

values of the overload factor N have been considered with

K, = 0.5(N= 1.03 ( clasric), 2.07, 2.73, 3.10) and three values with

K, = l.0(N= 1.03 (elaszic), 2.07, 6.20).

Equations (5.4.2.1.4) and (5.5.2.2.1) can be summarized as:

e E E 2
Mmx = a(K,, -5- , ?)(1 + ß(K,, N, ?- )„l)(1 — »1)(6,. + yH)e (5.5.2.2.2)

C C

The results predicted by this latter expression are compared with the finite element results on figure

5.21 (elastic case) and figure 5.22 (N = 3.10, tunnel at a depth of 15m, diameter = 6.08m, liner

thickness = 15cm, K, = 0.5 and E = 7.$MPa, 15MPa, 60MPa, l50MPa, 255MPa). Figures 5.21

and 5.22 show that equation (5.5.2.2.2) reproduces the finite element results with very good accu-

racy. Reasonable agreement was also found when the effect of the other parameters were studied.
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5.5.3 Settlement Estimate

The settlement generated at ground surface by tunneling is usually represented by a reversed

error function (Peck 1969). The key parameters are the maximum value, s,„„, , at centerline, and

the distance to centerline of the inflexion point i on the curve (figure 5.23). This observation pro-

vides an alternative method to estimate the settlement induced by tunneling s„,„, (paragraph 5.4.2.2):

Assume the "vo1ume" of the settlement trough (i.e., the volume per unit length of tunnel) is equal

to the volume (per unit length) of ground loss during tunneling, V,. The volume I6 is deterrnined

as a percentage of the excavated volume (per unit length) The properties of the error function

lead to:

- 2 1rDz
(2.5) z sma_x=(l00)V,—T— (5.5.3.1)

(1/, is estimated in percent of excavated volume.)

The distance of the inflexion point to centerline can be estimated with the correlation

2i H
D - D (5.5.3.2)

If we use this expression to substitute for i in equation (5.5.3.1), we find:

:äm:( 1 5.70) V, D (5.5.3.3)

The influence of suggested ir1 the analysis of paragraph 5.4 is confirmed by this empirical es-

timate of r,§,„,. Equation (5.4.2.2.5), however, provides a little more information on the dependency

of the settlement on the stresses and modulus at tunnel depth. Therefore, equation (5.4.2.2.6) is

used as a guideline for a tentative prediction for the maximum settlement at ground surface.
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As expected, the solution for :,1,,, provides very accurate answers in all cases, but some adjust-

ments are necessary on the expression of :,1,,,, in order to account for irregularities in geometry and

ground conditions, soil yielding and invert heave. The settlements obtained in the parametric study -

can be accurately characterized using the forrnula:

_ D 2 H+B <*;
‘ smax- [F(K,, N, Ä.) H+B E + 3 D E ]D (5.5.3.4)

where l·‘(K,, N, ,1) represents the influence of softening on the ground movement. As can be seen

on figure 5.24, this correction factor is strongly affected by the overload factor N, i.e., the amount

of soil yielding around the tunnel. For a given overload factor N, maximum surface settlements

are smaller with K, = 1.0 than with K, = 0.5.

In most cases, the settlement at the end of construction is very similar to the one computed after

softening. For this reason, the ratio is not present in the expression of rm, given by equation

(5.5.3.4).

The same kind of parametric study as the one previously described for thrust and moment was

also used for the settlements. The values predicted by equation (5.5.3.4) are compared with the

finite element solution on figures 5.25 and 5.26, in the case:

H = 15m, K, = 0.5, D = 6.08m, B = 25m, N = 1.03 (figure 5.25) and N = 3.10 (figure 5.26). On

both figures, very good agreement is found between the predicted and fmite element solutions.

The effect of "other" pararneters was also checked in several analyses. In particular, the influ-

ence of 6, and B was studied by considering the conditions: 6, = 30kPa and B = 45m . All cases

yielded reasonable agreement between equation (5.5.3.4) and the finite element solution.
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5.6 Design illethod

Based on the analyses and the observations made previously, the following procedure is pro-

posed for the prediction of the thrusts, moments and settlements generated by a tunnel excavation

using the NATM method. The structural design is based on the comparison of the combined thrust

and moment in terms of an interaction diagram (figure 5.27) computed to defme allowable values.

For use in this context, thrust and moment profiles were chosen as envelopes to the profiles ob-

tained with different parameters. The design method proceeds as:

•
Step 1--From the tunnel geometry and soil properties, determine the values of

33-,%,R,, R,, 6,+yH, K,, N. If the soil modulus is increasing with depth, consider an

"equivalent uniform material" with the same modulus and shear strength at tunnel depth,

• Step 2--From the knowledge of soil strength, estimate the amount of stress release J. to be ex-

pected during construction. Use figure 5.2 if K, = 0.5 and figure 5.3 if K, = 1.0.

• Step 3-—Estimate the values of a(K,, -3% , —g?), ß(K,, N,
ä

), F(K,, N, l) from figures 5.19, 5.20

and 5.24. For the choice of ß and F, it should be mentioned that these values are actually

affected by the amount of soil failure, which is characterized by the parameter NA: Failure

starts to occur for NA 2 0.9 with K, = 0.5 and N}. 2 1.2 with K, = 1.0. The influence of N).

on F is already included in the distributions given on figure 5.24. The value of ß is essentially

independent of 1 under elastic condition, and increases rapidly to another value as soon as

yielding occurs. The value of ß at yield is also independent of ,1. Therefore, the elastic solution

for ß should be used when N1 < 0.9 with K, = 0.5 and when N}. < 1.2 with K, = 1.0. At

higher values of NA, ß should be conservatively chosen equal to the yielding value given on

figure 5.20.
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• Step 4--Estimate the maximum values of thrust, moment and settlement using equations

(5.5.1.1.2), (5.5.2.2.2.), (5.5.3.4).

• Step 5--Choose a thrust profile (figure 5.28) and a moment profile (figure 5.29) on the basis

of K, value. Some allowance should be made for a larger value of moment at springline if soil

yielding is expected to occur with K, = 0.5.

• Step 6-~Compute the moment and thrust at different points along the liner using steps 4 and

5 and compare with the allowable envelopes on the interaction diagram (figure 5.27).

5. 7 Interaction Between Two Azüacent Tunnels

5.7.1 Introduction

The analyses described to this point consider a single tunnel. However, in many transportation

projects, tunnels are built side by side. In such conditions, interaction may develop between the

two openings. If both tunnels are excavated simultaneously and at a very short distance to each

other, the ground in the pillar area may remain unloaded, thus increasing the amount of stress to

be carried out by the surrounding ground as well as the structures (Sauer, 1986). If a sequcntial

construction procedure is used, excavation of the second tunnel may alter the moments and thrusts

on the existing tunnel; whereas the first tunnel generates a stress redistribution in the mass of ground

around the second tunnel, the liner loads of the second tunnel may differ from those induced on a

single tube.
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The interaction between two adjacent tunnels also affects the distribution of surface settlements.

Observations made by Breth and Chambosse on the Frankfurt metro for NATM tunnels showed

that surface settlements for twin tunnels tend to be more symmetrical in the case of sirnultaneous

driving than for sequential excavation.

lt should sound reasonable to derive the design parameters for a double turmel from superim-

posing the solutions found for two single tunnels. Such a procedure would, of course, rely on the

assumption that the ground around the tunnels behaves as a linear-elastic material. Even under

such ideal conditions, however, the superposition principle cannot be used to generalize the single

tunnel solution to the double tunnel case because:

1. For sequential construction, excavation of the first tunnel modifies the stress field in the second

tunnel area, and as a result, the excavation loads, i.e. the boundary conditions applied to the

double tunnel problem are different from those obtained by adding the excavation loads on

two single tunnels.

2. The solution for a single tunnel does not provide any information on the effects of excavating

a tunnel next to an existing structure; therefore, the superposition principle could, in any case,

only be used to estimate the surface settlements produced by a double tunnel and could not

allow any derivation of liner loads induced on two side·by-side tunnels.

For these reasons, a full analysis of the double tunnel problem must be considered.
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5.7.2 Conditions for the Analysis

The interaction between two adjacent tunnels is only briefly examined in this investigation to

estirnate the effect on the liner forces and settlements computed for a single tunnel and establish

limitations for the applicability of the design method described in paragraph 5.6.

The geometric and geotechnical conditions considered are summarized on figure 5.30. A pa-

rarneter, the pillar width, W, was introduced to characterize the distance between the two tunnels.

Other parameters were chosen as followsz

•
H = l5m,D = 6.08m,e = 15cm.

• Ko = 0.5, S„ = 300/(Pa, E = 60rWPa.

A softening factor of n = 5.0 was used to model the pre—excavation deformation at the face and
5

no surface load was applied (6, = 0kPa) to concentrate on the excavation effects.

The computations were made for sequential driving using five steps:

• Step 0 = Determination of initial stresses in the ground.

• Step l = Softening for the first tunnel.

• Step 2 = Excavation and liner installation of the first tunnel.

•
Step 3 = Softening for the second tunnel.

•
Step 4 = Excavation and liner installation of the second tunnel.

Six values of the distance between tunnel axes were considered: 8m, l0m, l2m, l4m, l8m, 24m,

corresponding to W/D ratios ranging between 0.37 and 3.00.
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The fuiite element mesh typically consisted of 250 elements and 785 nodes. For larger values

of W, D, these numbers had to be increased to 278 elements and 873 nodes to refrne the rnesh in

the pillar area, where the loads would be transmitted from one tunnel to the other.

5.7.3 Discussion

With the assumed soil and geometry parameters, no failure occurred during loading, and the

ground remained elastic for all analyses. The surface settlements as well as the liner forces on both

sides of existing tunnels were computed after each construction steps. The results obtained for two

relatively close tunnels (W/D = 0.37) are shown on figures 5.31, 5.32, 5.33 for the thrusts, moments

and settlements, respectively. The values found after excavation of the first tunnel can be consid-

ered as relevant to the case of a single tunnel, since no other structure is present in the ground after

step 2 of construction. From the thrust distributions presented in figure 5.31, it can be concluded

that: (1) the largest effects are noticed at springline level, on the pillar side of the frrst tunnel; (2)

softening the ground for the second tunnel results in a significant increase in liner thrust on the pillar

side of the existing tunnel; (3) the thrust value is only slightly increased when the second tunnel is

excavated and lined; and (4) the thrust distributions on both sides of the second tunnel are only

slightly larger than those of a single tunnel. The same results are shown on figure 5.32 for the

moments with the only differences that: (1) the increase in bending moment on the existing tunnel

is not as important as the thrust increase; and, (2) the maximum bending moment occurs at the

haunch of the existing tunnel; it is larger after softening for the second tunnel than after excavation

and liner installation on the second tunnel.

Surface settlements (figure 5.33) essentially occur after softening the tunnel areas with little

change occurring after the liners are installed. The point of maximum settlement after completion

of construction is located between the two tunnels and closer to the second tube. Also shown on

figure 5.33 is a plot for "two single tunnels”. This plot has been obtained by superimposing the
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settlement curves that would have been induced by each tunnel if driven separately. The settlement

after step 4 of construction is slightly larger than that corresponding to "two single tunnels/’

Figures 5.34 and 5.35 relate to the influence of pillar width on the magnitude of liner forces.

They show that: (1) interaction effects are small when W/D 2 1.0; and, (2) both tunnels behave

almost independently when the pillar width ratio W/D is larger than 2.0. For such a value of W/D,

the distribution of surface settlement after completion of step 4 (figure 5.36) shows one maximum

over each tunnel; it is identical to that obtained for "two single tunne1s,” which means that no

interaction effects occur for W/D 2 2.0.

These conclusions are in good agreement with results obtained by Ghaboussi and Ranken

(1977) from a parametric study on two circular tunnels. In their analysis, they assumed the tunnel

to either remain unlined or be lined upon excavation. They derived similar conclusions regarding

the influence of pillar width on liner forees to those obtained in this study even though they as-

sumed simultaneous excavation.

For the analysis of construction procedure effects, Ghaboussi and Ranken (1977) assumed a

W/D of 0.5 and exarnined four possible combinations. In the first two construction sequences

considered (Cases A and B), the first liner was assumed to lined upon excavation; the second

tunnel was then excavated and lined (Case A) or left unlined (Case B). Two other conditions were

analyzed with the first tunnel being lined during excavation of the second tunnel, and the second

tunnel being lined (Case C) or left unlined (Case D).

These cases correspond to extreme conditions and do not allow for three-dimensional effects:

Each tunnel is either lined upon excavation (i.e. the stress release coefficient is equal to Al = 0.00)

or left unlined (J. = 1.00). Therefore, no quantitative comparison can be made with our study,

where a stress release factor of about .1 = 0.63 (corresponding to n = 5.0, K, = 0.5, and v = 0.33)

was considered for both tunnels. However, the work by Ghaboussi and Ranken (1977) leads to the
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same conclusions on liner loads as in our case: (1) the presence ofthe first tunnel has little influence

on the liner loads generated on the second tunnel; (2) the largest interaction effects occur on the

pillar side of the existing tunnel; and, (3) the increase in liner loads can be limited if the ground

movements are controlled by the installation of tunnel liners (as can be demonstrated by comparing

Cases A and C to Cases B and D).

Relative to ground movements, Ghaboussi and Ranken (1977) found that excavation of the

second tunr1el produces more settlement than the first tunnel. Such a result is usually expected

because: (1) excavating the first tunnel generates higher stresses in the second tunnel area; and, (2)

the ground around the second tunnel has been disturbed and possibly weakened by driving the first

tube. The first effect could be evidenced in our study in the case of small spacing between the two

tunnels (W/D = 0.37) as is shown in figure 5.33. Works by other authors coniirm the trends

concerning the effects of adjacent tunnels:

•
A finite element study by Barla and Ottaviani (1974) of two sirnultaneously excavated tunnels

with depth to diameter ratios ranging from 0.75 to 3.00 lead to the conclusion that interaction

effects would be negligeable for W/D 2 1.0.
• Fotieva and Sheinin (1966) derived an elastic solution for the effect of driving a second tunnel

on the liner of an existing tunnel and showed that significant interaction effects could be ex-

pected for W/D = 0.33.
I

• Ward and Thomas (1965) measured the interaction between parallel tunnels driven in London

Clay in sequential order with the frrst tunnel lined with precast concrete elements. The pillar

width ratio was W/D = 0.60. They found that driving the second turmel induced additional

liner thrust and distortion on the existing structure.
• Similar observations to those of Ward and Thomas (1965) were made by Temaghi (1942) on

horseshoe~shaped tunnels constructed in Chicago Clay with a W/D of 0.425.

It can be concluded from both analytical results and observations that significant interaction effects

can be expected between two adjacent tunnels for pillar width ratios smaller than 1.00. The present
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tinite element study as well as the parametric study carried out by Ghaboussi and Ranken (1977)

show that these effects can be limited by early application of the liner on the excavated tunnels;

when a sequential construction procedure is used, the largest influence is induced on the pillar side

of the existing tunnel. Both analyses predict that regardless of the tunnel shape and to a large extent

of the tunnel depth and diarneter, both openings behave independently, for pillar width ratios larger

_ than 2.0.

Consequently, the proposed design method can be applied to projects involving the con-

struction of two parallel tunnels of same diarneter and depth, provided they are spaced in such a

way that the pillar width ratio W/D is larger than 2.0. For smaller values of W/D and especially

for W/D < 1.0, consideration should be made of the fact that significant increases can occur in liner

loads on the pillar side of the structures as a result of interaction.

5.8 Design Considerations Based on Thrust Eccentricity

The amount of shotcrete (and if necessary of reinforcement) used for initial support of the

opening should be chosen such that the liner can bear the thrusts and moment it is subjected to.

In checking the second point, it is useful to plot the distributionuof thrust eccentricity:

er= (5.8.1)

along the tunnel liner. Such a plot allows to identify areas of the liner where failure could occur

even though the amount of applied thrust is within allowable limits. In particular, the German

Code DIN prohibits eccentricity values larger than 30% of the liner thickness.
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Several eccentricity profiles have been plotted (figure 5.37) for tunnels 6.08m ir1 diameter and

15cm deep, supported with a 15cm shotcrete liner. Different values have been considered for the

earth pressure coefficient K,, the overload factor N and the soil modulus E. Since the thrust and

moment profiles essentially depend on K,, and R], these values cover most project conditions.

ln figure 5.37, the thrust eccentricities er have been norrnalized to the liner thickness e. This

leads to the characterization of the eccentricity in terms of one dimensionless parameter and allows

direct comparison with DIN's requirements.

From the analysis of figure 5.37, it can be concluded that (1) thrust eccentricities are smaller for

Ko = 1.0 than they are for Ko = 0.5, (2) critical locations with respect to thrust eccentricity occur at

invert and haunch, (3) in order to comply with the German Code, projects conditions should be

such that if KO = 0.5, the soil modulus should be larger than 60MPa (for the geometry considered,

i.e., in fact R] should be smaller than 3.5%).

The last point has important implications. lt shows that, with Ko = 0.5, no shotcrete liner

should be left unreinforced if R] is larger than 3.5%. On the other hand, if R] is equal to 3.5% or

smaller, thrust eccentricities can be kept within acceptable values regardless of the liner thickness,

even if a limited amount of soil yielding occurs around the tunnel (see case with

K, = 0.5, N = 3.10, E = 60MPa on figure 5.37).

This result is in agreement with findings by Baudendistel (1973) on design of circular tunnel

liners in weak rock. In this latter case, charts for the minimum required liner thickness were derived

from a parametric study based on finite element analyses. It could be concluded from this work,

that for stiffer grounds, a limited amount of concrete would be needed for tunnel support, regardless

of its depth, in most practical conditions (0.4 5 K, 5 1.0). On the other hand, difficulties could be

expected for K, < 1.0 and ground modulus values smaller than 50MPa.
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5.9 Conclusiorzs

This study was intended to develop a simpliiied means to predict the thrusts, moments and

settlements in a shotcrete liner placed in the process of a NATM construction procedure.

The parametric study was focused on the case of a tunnel characterized by the following pa-

rarneters:

•
tunnel diameter D = 6.08m,1inerthickness e = 15cm

•
soil unit weight y = 20kN/m°, K, = 0.5

•
surcharge: 6, = 10kPa

•
elastic properties of the liner: E, = 15,000MPa, v, = 0.17

• tunnel depth: H = 10-30m

• soil modulus: E = 7.5 - 255MPa

•
soil resistance: S, = 100 - 300kPa

The proposed design method should only rigorously apply for projects in similar conditions.

However, the data show that the proposed design charts can be used in other cases provided the

nondimensional factors introduced in paragraph 5.2 have about the same values as those used in

our analysis, and the tunnel is 10 to 30m deep. The nondimensional pararneters should be in the

range of:

• %~:2.5%,—g-= 1.5 to 5.0
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• N 5 3.10, = 0.05 to 1.70%

•
K, = 0.5 .

Further analyses were also performed to allow extended use of the charts with the conditions:

K, = 1.0, -5 = 5.0%,
é = 0.05 to 3.00%, but the results should be used with more caution since

they are based on a smaller amount of computed values than in the principal cases.

It should be also mentioned that the main study considered a uniform cohesive soil. However,

the analysis of Chapter 5 shows that the design charts should provide conservative design values in

the case of increasing S, and E with depth.

Finally, the results of some instrumented case studies would help checldng the validity of these

predictions and providing guidelines for the choice of such parameters as the soil modulus E or the

amount of stress release l.

ln many transportation projects, two tunnels are driven adjacent to each other. The analysis

of paragraph 5.7 shows that the use of the proposed design method can be extended to such con-

ditions, provided the pillar width ratio between the tunnels is larger than 2.0.
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6. I Introduction

Before considering any practical application of the proposed design method, its predictions

should be checked where possible against design techniques and case history data. The frnite ele-

ment method has been used by several authors to derive design charts for use on tunneling projects.

Three of these methods are described in the present chapter and their results compared with those

obtained using our own approach. Even though not all of these studies deal with the New Austrian

Tunneling Method, valuable information can be obtained from a comparative study with them.

In Section 6.4, the design method set out in this work is applied to a project of the Washington

Metro (Section 8a) where the NATM was proposed for use. While the NATM approach was ul-

timately not used to construct the project, a complete design analysis was carried out by the

Austrian consultant Sauer Corp. (1987). Unfortunately, direct comparison of the design method
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predictions to actual project measurements of observed performance is not possible because of a

lack of published documentation for NATM projects in soil.

6.2 Design Methods Based on Finite Element Analyses

6.2.1 Introduction

The three design techniques considered in this chapter for comparative purposes are all based

on fmite element parametric studies. A summary of their main features and capabilities can be

found on table 6.1. The methods consider a variety of project conditions and modeling techniques.

The range of pararneters values analyzed allows comparisons to be made between these different

approaches and with the proposed design method.

6.2.2 Peck et al. (1972) Design Charts

In their 1972 state of the art report, Peck et al. presented design charts for soft ground tunneling,

based on the frnite element analysis of circular tunnels. The use of numerical methods allowed

them to consider the soil—liner interaction process andvexamine a broad range of possible liner

stiffnesses, from the ideal purely flexible Liner (designed for ring forces only) to the completely rigid

Liner (designed to carry the full earth pressure loads). Their model was based on simple conditions:

circular tunnel, elastic ground, and plane strain conditions with no allowance for three-dimensional

effects. However, the influence of gravity on initial stresses was taken into account. The relative

stiffness between the soil and the Liner was characterized by two parameters: the compressibility

ratio,
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E 1 — V? 0Cp = (6.2.2.1)

and the flexibility ratio,

F, = (6.2.2.2)

These coefficients can be related to the ratios R,, R, introduced 111 Chapter 5:

Zi; = (I — 2v) R,. (6.2.2.3)

é= R, (6.2.2.4)

In the parametric study, the following conditions were examined:

•
K, = 0.5, 2.0.

•
C, = 0.3-0.6.

• Ii, = 2.3-15.3.

• = 0.8, 1.5, 2.4, 3.7.

Further developments to this work by Mohraz et al. (1975) included the analysis of construction

model effects. Four loading pattems were considered (figure 6.1):

• External Loading (Case a): Soil stresses are applied as extcmal loads to the soil-Iiner system.

This teclmique assumes that the tunnel is already in place when the loads are applied.
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a.Extemal Loading b.Excavation Loading

Ö
’“ Öm

c.ShaiIow Gravity Loading d.Deep Gravity Loading

Figure 6.1. Loading Conditions Considered in Mohraz et al. (1975)
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•
Excavation Loading (Case b): The stresses existing on the tunnel periphery under initial con-

ditions are applied to the soil-liner boundary. This is also the method used by Peck et al.

(1972). „

• Shallow Gravity Loading (Case c): Full overburden loads are applied at the tunnel crown.

— • Deep Gravity Loading (Case d): Vertical loads are applied at the tunnel crown. Because of

the ground arching that takes place over the tunnel, these loads correspond to only a fraction,

yD, of the overburden pressure.

In both Peck et al. (1972) and Mohraz et al. (1975) studies, the results were presented in terms of

-
THIIX

·
MMR Vthrust coefficrents (0·5)yHD and moment coeflicients (0·25)yHD, . The paper by Mohraz et al.

(1975) also provided distributions of liner forces for one typical set of parameters, a.r1d examincd the

influence of soil-liner interface conditions in the case of a deep tunnel.

The major conclusions were: (1) interface conditions have no effect on the magnitude of mo-

ments, but the thrust coeflicients computed for K, = 0.5 and no slippage are 50% greater than

those corresponding to the full slippage case; (2) with K, = 0.5, the maximum liner load coeflicients

occur at invert; they are larger than for K, = 0.5 and decrease with H/D; (4) with both K, = 0.5

and K, = 2.0, a constant value of the thrust coefficient and of the moment coefficient is reached

for depth over diameter ratios H/D larger than 1.5.

6.2.3 Schikora and Fink (1982) Design Charts

Schikora and Fink (1982) study presents more similaiities with the present work than that of

Peck and his colleagues. The tunnel has the same ovoid shape, and its diameter (D = 6.98m) is

close to that used in most of the analyses herein; tunnel excavation is analyzed with a plane strain

model that includes a method to account for three·dirnensional deforrnations at the face; a sur-
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charge cr, is applied at ground surface; ground yielding is also considered with the soil’s resistance

characterized by a Mohr-Coulomb criterion.

Three methods were considered to introduce the 3-D effects in the plane strain analyses (figure

6.2):

• Reduced soil modulus in excavation area (method a).

•
Reduced excavation loads (method b).

•
Reduced shotcrete modulus (method c).

The a·method is similar to the softening procedure used in this study. The soil modulus in the

excavation area was reduced by a factor a, and the loads computed on the tunnel boundary were

applied to the soil-liner interface in the next step of computation.

The b-method was executed in three steps. The loads P, on the tunnel boundary, due to initial

stresses, were computed in step I. A fraction of these loads (reduction factor 1-b) was then applied

to the excavated tunnel to produce the pre—deformation of the ground due to face advance. In the

last step, the remainder of loads, b.P,, were applied to the soil-liner system. This method is equiv-

alent to the l method currently used to model the decompression effect at the face; the reduction

factor (I-b) can be interpreted as a stress release coefiicientz

.1 = 1- b (6.2.3.1)

The c-method used a softer liner modulus to account for the three·dimensional movements at

the face. The loads P, computed on the tunnel boundary under initial conditions were completely

transrnitted to the soil-structure interface during excavation, but in this second step of the analysis,

the shotcrete modulus E, was reduced by a factor c. Using a reduced liner modulus c.E, resulted
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Figure 6.2. Construction Models Considered by Schikora and Fink (1982)
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in more ground movements than the basic "excavation loading" technique considered by Peck et

al. (1972).

The paper by Schikora and Fink (1982) presented design charts for the determination of liner

forces and tunnel wall displacements derived from all three of their methods. Only one set of ge-

ometric and geotechnical conditions was considered. The tunnel was 27.5m deep and 6.98m in

diameter, and the liner 15cm thick. The liner properties were characterized by E, = 20,000 MPa;

v, = 0.20. The ground was treated either as an elastic material (E = 100 MPa; v = 0.35) or an

elasto-plastic material with its strength determined by c' = 80 kPa and
qS’

= 20°. The soil unit

weight was y = 21 kN/m3 and the surcharge applied at ground surface was equal to 6, = 70 kPa.

The study examined the influence of the loading parameter (a, b, or c) and several values of K,

and v were considered:

•
K, = 0.5, 0.6, 0.7, 0.8.

•
v = 0.35, 0.45.

The distributions of liner thrusts and moments over the liner were also provided in one case,

using K, = 0.8 and the a-method.

A comparison with data collected on the Munich Metro showed that both methods a and b

yielded reasonable results, but that the c—method was not appropriate for practice.
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6.2.4 Pierau (1982) Design Charts

Pierau (1982) produced design charts based on a true 3-D analysis of the excavation and liner

installation process. Therefore, it is of particular interest to compare these solutions with the

predictions of this work. ·However, in conducting this comparative study, consideration must be

given to the fact that Pierau (1982) assumed a different tunnel shape (figure 6.3) than the one con-

sidered herein. The tunnel was an ovoid, but the horizontal diameter (10m) was larger than the

vertical diameter (8m). Pierau (1982) also assumed a face inclination of 65° to the horizontal, and

limited consideration to linear elastic ground response.

The parametric study covered the following ranges of values:

•
1-1 = 9m-29m.

•
e = 10cm·30 cm.

•
E = 10l\/1Pa, v = 0.35 and 0.40; E = 25MPa, v = 0.35; E = 50MPa, v = 0.30 and 0.35.

The results were presented on three-dimensional charts, with T„,„,, M„,„ and r,,,„, expressed as

functions of the depth of cover and liner thickness.

Liner load distributions were also provided for the case: H = 14m, e = 20cm, E = 25 MPa,

v = 0.35.
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6.3 Comparative Study on Tunnel Design A/Ietlzods

6.3.1 Introduction

The design methods presented in Section 6.2 can be compared with each other and with the

proposed design method. The conditions covered by these methods allow comparisons to be made

for the predictions of liner load distributions and estirnates of maximum liner loads and ground

surface settlements.

6.3.2 Liner Loads Distributions

The liner loads distributions provided in the three studies described in Section 6.2 are plotted

on figures 6.4 (liner thrusts) and 6.5 (liner moments). Also shown on figures 6.4 and 6.5 are the

distributions obtained with the proposed design method. The conditions assumed in each study

are summarized on table 6.2.

From the conclusions of Chapter 5, it can be expected that liner thrust profiles should be in-

fluenced by the value of the earth pressure coefficients. this result is consistent with the relatively

good agreement in figure 6.4, first between Mohraz et al. thrust profile (K, = 0.5) and the thrust

profile from this work for K, = 0.5, and second between Schikora and Fink (1982) profile

(K, = 0.8) and the profile obtained using the proposed design method with K, = 1.0. Figure 6.4 also

underlines the influence of another parameter on the distribution of liner thrusts: the tunnel shape.

This point is made clear by the comparison of our predictions with the profile computed by Pierau

(1982). In this latter case, the thrust distribution computed for a wide ovoid is considerably dif-

ferent from our estimate, even though K, is essentially the same in both studies. This suggests that
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the tunnel shape, and not only the K, value, has a definite influence on the liner thrust profile. The

same conclusions as for thrusts can be made on liner moment distributions. Figure 6.5 shows that

no real agreement can be found between the different predicted profiles. In particular, the distnb- -

ution found by Mohraz et al. (1975) with_a circular tunnel presents only one area of maximum

moment, around the spnngline. The reason why Mohraz et al. (1975) approach for K,:0.5 and a

circular shape gives similar thrust profiles, and completely different moment profiles, when com-
U

pared with the proposed design method for K, = 0.5 and an ovoid shape is not clearly established.

However, it is apparent in figure 6.4 that, with K,=0.5, higher thrust values occur in the areas of

the tunnel where the liner is vertical. The liner shape may affect moment distributions in a different

way than it does for thrust distributions. In particular, moments are more sensitive than thrusts to_

the displacements of the tunnel liner after it is installed, and it is believed that the moment profile

computed by Mohraz et al. (1975) for a circular liner reflects a completely different pattern in the

deformation of the structure than in the case of an ovoid liner.

On the other hand, a relatively good match is found between Schikora and Fink (1982) method

and the proposed design method (with K, = 1.0) since both assume an ovoid tunnel shape. 'Ihe

differences between the profiles computed from these two studies come partly from the fact that the

assumed K, values are different and partly from the fact that the flexibility ratio R, considered in the

present case is about twice as large as that used by Schikora and Fink. Chapter 5 points out the

influence of this parameter on liner moment distributions. The wide variety of R, values assumed

in the four studies helped to create the discrepancies between predicted moment profiles that are

displayed on figure 6.5.

6.3.3 Maximum Liner Loads

The charts derived by Schikora and Fink (1982) using the b-method give an opportunity to

check the validity of conclusions regarding the influence of the stress release coeflicient ,1. Noting
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that the parameter b introduced by Schikora and Fink (1982) is related to the stress release factor

1, as defined in equation (6.2.3.1), the analysis of their predictions shows the same dependency of

T„,„, with ,1 as ls found in the present case (T,,,„, proportional to 1-).). A similar study of maximum

moment is presented in figure 6.6, where the M„,„, values for both Schikora and Fink (1982) and

the present approaches for elastic and ylelding conditions are plotted. ln the yielding case, because

of the difference between the yield crlteria considered by the two approaches, a value of the overload

‘ factor of N = 2.52 was assumed in the present case, on the basis of an equivalent shear strength at

tunnel level. Figure 6.6 shows that, with both methods, Mm., is proportional to 1-,1, under elastic

conditions. Ground yieldlng results in a moment increase from the elastic value for ,1 > 0.30;

however, this increase in M„,„, under plastic conditions is larger in the present case, which ls con-

sistent with the conservative choice made in Chapter 5 for the estimate of liner moments in yieldlng

solls.

In the Peck et al. (1972) method, the coefficients and ———ili”-ä- are independent
(0.5)y]·]D (0.2S)yHD2

of 11 for H/D > 1.5 (which corresponds to the range of value analyzed herein). A closer analysis

of M,,,,,, values shows that the liner moments are more sensitive to ez than D2 in the Peck et al.

(1972) approach. This means that their results are more conveniently interpreted with moment

coefficients defined in terms of rather than with such an expression, their moment
coefficients as well as their thrust coefficlents are not much affected by -ä— and ratlos.

These findings by Schikora and Fink (1982) and Peck et al. (1972), as well as the conclusions

of Pierau’s (1982) parametric study, are in reasonable agreement with the new approach, on the

influence of ,1, y, H, D, e, 6, on the predicted liner forces. To better compare predictions of thrust

and moment, lt is therefore useful to focus on normalized values of T„,„, and Mm:

and . Conditions used to predict these values ln each method
are given in table 6.3. °
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In the case of the Pierau (1982) approach, a few parameters had to be guessed, based on current

values used on similar projects and on K, estimates derived from elastic theory. The diameter D

was chosen equal to the horizontal diameter (10m); for those methods using ovoid tunnels, D was

taken as the largest dimension across the opening. The 10m represents the largest diameter for the

shapes considered by Pierau (1982). A stress release coeilicient of l = 0.3 was assumed to corre-

spond to the same average liner thrust as that predicted from the new method. A was taken equal

to 0.0 for Peck et al. (1972) analysis since no 3-D effect was considered in their work.

According to the study described in Chapter 5, the normalized values of maximum liner forces

should be primarily dependent on N, K,, and However, the range of values considered in

the different studies did not allow the predicted influence of N, K, and %- to be compared.

Therefore, the comparative study was based on cases with elastic ground conditions with K,:0.5

and -1%- :2,5% (with the exception of Peck et al. (1972) estirnates, in which case the closest ratio

to the values considered by the other authors was 6.1%).

The predicted values of ——l-"-'-ii-— and ———Ä&‘!——- are shown on figures 6.7
(1-).)(cr,+yH)D (1 —l)(c,+yH)e‘

and 6.8, respectively. The new method yields reasonable thrust values with respect to the other

approaches, although they are lower than Pierau’s (1982) approach at low ratios and lower than

Peck et al.’s (1972) approach at high
ä

ratios. However, it must be remembered that the new

method predictions result from simplifications that are only possible for the ranges of parameters

we considered.

The moment coefficients computed with the four design methods follow the same trend with a

sharp decrease with at low moduli ratios and an almost constant value for > 1.0% (figure

6.8). The new method’s predictions are conservative in all cases when compared with the values

obtained from the other approaches. V
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6.3.4 Maximum Surface Settlements

Comparisons on estimated surface settlements were only possible with Pierau’s (1982) pred-

ictions. Based on the analysis in Chapter 5, and with no surcharge applied and elastic ground be-

havior (which are the conditions assumed by Pierau (1982))„ the maximum surface settlement
Hshould be proportional to A 2-E- D. Therefore, sm, values were normalized to this coefficient and

the estimated values of computed for different depth over diameter ratios. The condi-
tions considered are shown on table 6.3. A depth to bedrock, B = 19.32m, was assumed, based

on profiles published in Pierau’s (1982) paper.

The results of this comparative study are shown on figure 6.9. Estirnates from the new method

agree reasonably well with Pierau’s (1982) results. However, the decrease in with 11/D»l(rH/E)D
is not as significant in the present case as it is in Pierau’s (1982) analysis.

6.4 Washington Metro Case History

NATM was considered an altemative method for construction of section E8a of the Washington

Metro project in 1987. Prelirninary design analyses were carried out by the Sauer Corporation

(Salzburg, Austria). The project consisted of a double set of tubes with ovoid shape, driven in clays

and S3.I1dS. For each tunnel, the average opening was 6.10m and a temporary shotcrete liner half

a foot thick (i.e. e = 0.152m) was installed after excavation. The overall sequence assumed each

tube to be excavated separately and a final liner to be installed at the end of construction.

ln this section, a comparison is made between the predictions of Sauer Corporation (1987) using

a general purpose finite element program and estimates obtained from the charts of the new design
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method. The study is based on design conditions for Station 569+ 60 of the project (see figure 6.10

for soil profile and tunnel location) after excavation and shotcreting of the first tunnel. The maxi-

mum values of thrusts and moments induced on the initial liner as well as surface settlements are

summarized in table 6.4. For the proposed design method, several values of the stress release co-

efiicient Al have been considered. It can be seen that the best estirnate of T„,„, is obtained with J.

= 0.43. This value is consistent with those reported by Sauer Corporation (1987): the average

amount of stress release on three similar projects was 0.47, for a softening factor n = 5.0, the value

of n used by Sauer Corporation for their initial liner analyses. With l = 0.43, the proposed design

method provides conservative estimates of Mm, and s„,„, relative to those of the Sauer Corporation.

The corresponding thrust and moment distributions (figures 6.11 and 6.12) are found to be i.n good

agreement with Sauer Corporation’s predictions and on the safe side.

6.5 Conclusions

In this chapter, the predictions of the proposed design method are compared with other proce-

dures and case studies based on finite element analyses. The comparisons are only approximate in

most cases since the geometries and geotechnical conditions assumed in the different methods are

not the same.

In principle, the application of the proposed design method should be limited to the following

conditions:

•
Short-term ground response (v = 0.50).

•
Ovoid liner shape.
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• 73- = 2.5-5.0%.

I-]•
F = 1.5-5.0. ·

B
° S 6.0.

•
K, = 0.5-1.0.

•
S, = 100 — 300kPa(N S 3.00).

• = 0.05-1.70%. l

The present study shows that within these ranges of values, the new method provides estirnates

of liner forces and maximum surface settlements, which are reasonable and on the conservative side,

in comparison with results obtained from other approaches. Further work would be needed to

extend its application to drained ground conditions (different strength parameters, but also different

Poisson’s ratios), larger earth pressure coefficients K, , different liner geometries, other construction

procedures (staged excavation). Smaller depth over diameter ratios should also. be considered. It

is interesting to notice that the decrease in surface settlernent coeflicient found by Pierau (1982)

occurs for the same value of H/D (1.5), as the ”fully buried conditions" evidenced by Peck et al.

(1972) for maximum liner forces.
I

The comparative study in this chapter confums the conclusions of Chapter 5: (1) liner thrust

profiles are affected by K, and tunnel shape; (2) liner moment profiles are affected by K,, R, and

tunnel shape; (3) maximum liner thrusts are proportional to (1 - ,1) (6, + yH)D and are affected by

K,, -5- and (4) maximum liner moments are pnimarily proportional to (1 - 1) (6, + yH)e2 and

are affected by N, K,, and
jf-;

(5) maximum surface settlements due to tunneling in elastic

ground are proportional to ,1 %- D and are affected by and .
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° 7.0 STABILITY OF THE FACE OF TUNNELS

DRIVEN IN SANDY SOILS

7.1 Introduction

Stability of the tunnel face is one of the keys to limiting ground movements during tunneling.

This chapter considers theoretical methods to characterize face stability. The conclusions are useful

as a context for understanding the behaviors observed in the field that are described in Chapters 8

and 9. The stability of the face of a tunnel driven in purely cohesive ground was first analyzed by

Broms and Bennermark (1967). In this early work, stability conditions were entirely charactcrized

by the overload factor N, i.e. the ratio of the net overburden pressure at the face to the undrained

shear strength of the clay. Similar conclusions were presented by Peck, in his state-of-the-art report

to the 1969 International Conference on Soil Mechanics and Foundation Engineering. More re-

cently, a theoretical approach, based on the limit state design concept, was proposed by Davis ct

al. (1980). Their results were supported by model tests on the Cambridge, U.K. centrifuge

(Schofield, 1980), and provided a generalized expression of the stability criterion that included
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tunnel depth effects. Failures observed in the centrifuge involved the displacements of large

amounts of soil in front of and over the tunnel face.

The face stability of tunnels, excavated in a Mohr-Coulomb type of soil, has so far not been

completely analyzed. The question has received greater attention over the past five years, because

of the construction of tunnels in increasingly diffüult ground conditions. A lower bound estimate
i

of the critical length of unsupported ground behind the face (hand-rnining excavation) was pro-

posed by Mühlhaus (1984). Leca and Panet (1988) extended the lower bound solutions of Davis

et al. (1980) to the case of a frictional soil. Experimental research is currently underway on the

Nantes, France centrifuge to study front failure of tunnels in fine sands (Charnbon and Corte,

1989).

ln the present chapter, the face stability of a tunnel driven in a Mohr-Coulomb material is ex-

amined, from the point of view of limit analysis. Upper bound solutions are derived from the

analysis of three failure mechanisms. They are compared with the lower bound solutions found

by Leca and Panet (1988) to produce a bracketed estirnate of stability conditions at the tunnel front.

The problem is three·dimensional. It car1 be idealized (figure 7.1) considering a circular rigid

tunnel of diameter D, driven under a depth of cover C, i.e. ata depth:

H = C + (7.1.1)

The unit weight of the soil is y and a surcharge of 6, is applied at ground surface. The unsupported

length, behind the face P is taken equal to zero (which is a reasonable assumption for shield driven

tunnels) and a retaining pressure 6T is applied at the front. Such a support can be achieved by use

of compressed air, bentonite or earth pressure (E.P.B. shield). In the study, 6, is assumed to be

constant over the tunnel face, which best models the case of compressed air support, but also pro-

vides valuable information for slurry or E.P.B. shields.
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Uniform ground conditions are assuined around the tunnel. The soil resistance is characterized

by its cohesion c' and fiiction angle 4S'. lt is convenient for such a material to introduce an equiv-

alent set of strength parameters: the unconfined compression strength,

_ 2c' cos ¢>’
7 1 2°¢'1-sm4>· V')

and one of the two Rankine’s earth pressure coeflicients, the active coeflicient,

1 — sin ¢>'
K = —·—:——— . .

or the passive coefiicient,

1 + sin
¢•’

K =—+ . .P 1 _ Sm df (7 1 4)

Dimensional analysis shows that the problem can be analyzed in terms of tive dimensionless
D

parameters: C/D, , %I-, and KP (or KA).

7.2 Limit Analysis

The purpose of limit analysis is to provide an estirnate of stability conditions for a mechanical

system that does not rely on the knowledge of the material behavior (Salencon, 1983). Stability

conditions are analyzed in terms of the loads that can be applied to the system, without causing its

failure. An upper bound estimate of allowable loads is found by considering a kinematically ad-

missible mechanisrn, for which the power PA, generated by the applied loads is greater than or equal

to the maximum power PV, that can be dissipated inside the system during its motion (upper bound

theorem). On the other hand, any set of loads applied to the system that can be put in equilibrium
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with a statically admissible stress field without exceeding the materials resistance is a lower bound

solution (lower bound theorem). Stability conditions can be characterized by the domain K of al-

lowable loads; K can be bracketed by a lower bound domain K- and an upper bound domain K-.

This is shown in figure (7.2a)., for the case of a system subjected to two loading parameters, Q, and

Q,. Any set of loads, located inside K- can be supported by the system. Any set of loads outside

Kt is unstable. The domain K is convex, which means that, if two sets of loads Q = (Q’,, Q',) and

Q = (Q",, Q",) can be supported by the system, any linear combination AQ + (1 — A)Q of these

loads (with 0 S A S 1) can also be supported. Figure 7.2a shows that, any point M between A and

A' is inside K-, as long as A and A' both belong to K-. The convexity property is used in section

7.5 to improve the available lower bound solutions.

For the tunnel problem analyzed in this chapter, three loading parameters need to be considered:

gi, and ä . A failure mechanism can be characterized by a group of failure surfaces 2,, and

a velocity field. The relative (or discontinuity) velocity L between the two sides of a surface Z,

makes an angle 9, with Z, (figure 7.2b). Since soil yielding is characterized by a Mohr-Coulomb

criterion, the angle 9, must be chosen such that:

ql>'S9,Sn—d>' (7.2.1)

If this condition is not satisfied, the dissipation power PV associated with the mechanism considered

is equal to infinity, and no upper bound solution can be found.
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7.3 Upper Bound Solutions

7.3.1 Geometrie Conditions

Three failure mechanisms are considered. They involve the movement of rigid conical blocks.

Each cone has a circular cross·section, and an opening equal to 2¢>'. The velocity ofL of the block

is parallel to the cone axis (figure 7.3), which allows condition (7.2.1) to be satisfied (6,, = ¢>').

The three mechanisms, named MI, M11, MIII are described in figure 7.4. Both MI and M11

are collapse mechanisms: failure occurs because the pressure 6,, applied at the face, is not sufficient

to support the earth loads; this is usually the problem to consider for safety conditions during

construction. On the other hand, in some cases of shallow tunnels in weak soils, the pressure 6,

can be large enough to heave the ground in front of the face. This condition of blow-out failure

is examined through mechanism MIII. In mechanism MI, failure is due to the collapse of a single

conical block into the tunnel (figure 7.4a). The inclination of the cone axis to the horizontal de-

termines whether or not failure reaches the ground surface. M11 involves two conical blocks (figure

7.4b): Block (I) is identical to the cone used in MI, but is truncated at crown level by a plane

(1:), perpendicular to the plane of symmctry of the tunnel. (rr) projects as A in figure 7.4b; its

intersection with block (1) is arr ellipse, 2,,. The lower portion only of the cone (under plane (1:))

is part of the mechanism. Block (2) is mirror image of the remaining portion of the cone (over

plane (1:) and running through the center of 2,,). With this configuration, blocks (1) and (2) both

intersect with plane (rr) along the same ellipse 2,,. The inclination of plane (1:) to the horizontal

is chosen such that the axis A, of block (2) is vertical. The geometry of MIII is similar to that of

MI, with the exceptions that the conical block is upside down, and its velocity Z pointirrg upward

(figure 7.4c).
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The three mechanisxns are characterized by only one parameter, the angle a between the axis

of the conc adjacent to the tunnel face and the horizontal. The intersection of tl1is conc with the

tunnel face is an ellipse S0, (figure 7.5). The major axis length of 2,,, (along the vertical direction)

is equal to the diameter D of the tunnel, but its minor axis length (along the horizontal direction)

is smaller than D. This implies that only part of the tunnel face is failing. Under such conditions,

however, limit analysis can still be applied to the failing blocks and upper bound solutions derived

for the mechanisms considered.

7.3.2 Determination of the Upper Bound Solutions

The derivation of the upper bound solutions associated with MI, MII, and MIII are described
Din Appendix B. In all three cases, the power P, of extemal loads , , j-, and the dissipation

power PV are computed separately. Upper bound solutions are found by writing that if the com-
. D _

bination of applied loads jf- , % , -2;- is stable, P, and PV satisfy the condition:

P, S py (7.3.2.1)

For interpretation of results, it is convenient to write the loading parameters ir1 a dirnensionless

form:

°s
QS = (KP -— I)

T + I (7.3.2.2a)

ar
QT= (Kp - I)

T + I (7.3.2.2b)

yD
QV = (KP — 1) jj- (7.3.2.26)

With such notations, the upper bound solutions determined by the inequality (7.3.2.1) can be put

in the general form:
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NSQ, + N,Q, S QT (7.3.2.3)

where N, and N, are weighting coeflicients that depend on the angle a. Relation (7.3.3) applies to

collapse only (mechanisms MI and Mll). The solutions are optimized by choosing a such that N,

and N, are maximum. For blow-out failure (mechanism MIII), the inequality is reversed,

N,.Q,+N,Q, 3 QT (7.3.2.4)

and the solutions are optimized by finding the minimum of ,N, and N,. For both collapse and

blow-out, the optimal value of N, [will be referred to as, Nfund the optimal value of N, referred to

as N;.

7.3.3 Discussion

The values obtained for N; and N; are summarized in figure 7.6 for collapse, and figure 7.7 for

blow-out. They are plotted as a function of depth ratio C/D, for current values of the friction angle

¢>' (20° to 45°). The two collapse mechanisms give similar results for C/ D 3 1.0; MII, however,

provides a better upper bound than MI, except for very shallow tunnels (C/D S 0.25) or friction

angles smaller than 30°. Figure 7.6 shows that N; is almost always smaller than N;, and is equal

to zero for any value of ¢>', as long as C/D 3 0.6. This suggests that, if actual failure conditions

are similar to those predicted by MI or MII, the surcharge Gs has little influence on face stability,

unless the tunnel crown is close to the ground surface. In most cases, failure does not reach the

ground surface and both MI and MII can be considered as "local collapses." Such mechanisms,

however, could generate massive failures with progressive formation of sinkholes, since a large

amount of ground over the tunnel crown would become unsupported as a result of local face col-

lapse.
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The optimal upper bounds for collapse are a.lways obtained for essentially the same value er

of the cone inclination 1:

a+:49° — %- (7.3.3.5)

The arigle 6* of the critical failure surface to the horizontal (figure 7.8a):

_ 6+:49° + (7.3.3.6)

is steeper than the angle for active failure in plane strain conditions,

6 45°
qsl

A = + -7- (7.3.3.7)

In other words, the area inlluenced by collapse, near the tunnel face, is more limited than in the case

of a planar opening. This should be regarded as a stabilizirig effect, and essentially results from the

three-dimensional nature of equilibrium conditions around the tunnel face.

The values of N; and N; computed for blow·out are large, and increase considerably with the

depth ratio C/D. The critical geometry is obtained for

a+:49° (7.3.3.8)

The angle 6* (figure 7.8b) is equal to:

6+:49° - ¢>' (7.3.3.9)

For current values of da', it is smaller than the angle for passive failure,

9 ¢'

öp = 45 —
-é- (7.3.3.10)

which can again be considered as a three-dimensional stabilizing effect. '
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7.4 Lower Bonnd Solutions

7.4.1 Geometrie conditions

The lower bounds used in this section are described in Leca and Panet (1988). Three stress

fields, SI, SII, and SIII are considered (figure 7.9).

SI (figure 7.9a) is a geostatic stress field, i.e. the vertical stress is equal to the overburden pres-

sure. The ground around the tunnel is divided into three layers: above and below the tunnel (y

2 D/2 and y S - D/2), the horizontal stresses are also equal to the overburden pressure; in the

interrnediate layer, located at tunnel depth (·D/2 S y S D/2), the horizontal stress is equal to the

overburden pressure in the direction perpendicular to the tunnel axis, but the stress along the tunnel

axis is equal to the retaining pressure 6,.
i

Both SII and SIII apply to weightless soils (y = 0). Even though this assumption may not be

realistic for shallow tunnels, the lower bounds derived from SII and SIII can be used to improve

the general solution obtained with SI. °

SII (figure 7.9b) is axisymmetric around the tunnel axis. The ground is decomposed into three

areas, separated by two cylinders C, and C,; C, extends the tunnel in the horizontal direction along

its axis Oz; C, has the same axis as C,, but is tangent to the ground surface. Within C,, the axial

stress is equal to 6, and the radial and tangent stresses equal to a constant, 6,; the value of 6, is

adjusted to achieve yielding conditions everywhere inside C,. Out of C, , the stress field is isotropic,

with all stresses equal to 65. Between C, and C,, the axial stress is taken equal to the radial stress,

and a solution for the radial stress 6, and the tangent stress 6, is detemiincd by solving the equations
I

of equilibrium, with the assumption that the soil is at yield.
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SIII (figure 7.9c) is spherically symmetnc around the center O of the tunnel face. The ground

is decomposed into three areas, separated by two spheres, S,, and S2; S, is centered at point O, and

has the same radius as the tunnel; S, is also centered at O, but extends to the ground surface. The

stresses are isotropic and equal to 6, inside S,; out of S,, they are also isotropic but equal to 6S.

Between S, and S,, the radial stress 6, and the tangent stresscs 6, and 6, are determined by solving

the equations of equilibrium, with the assumption that the soil is at yield.

7.4.2 Determination of the Lower Bound Solutions

SI, Sll, and SIII are constructed to satisfy the equations of equilibrium and boundary conditions

associated with the loads applied. Lower bound solutions are derived from these stress fields by

writing that the yield criterion is nowhere exceeded within the soil mass. The results are surnma-

rized in the following sets of double inequalities:

- for SI,
)

2-—K—l2—(£-+l)£$l (7.42la)cc P dc D dc i °

and

°r °s C VD?—KPT—KPFTSl (7.4.2.1b)

- for SII,

(KP- (K _,)
7 4Kp(2D+l) P $—Üp_,)UT/ac+,$KP(2D+l) P (..2.2)

- for SIII,
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C 2(1/K -1) (KP' l)"$/°¢+1 C 2(K -1)2 —— l —l—— —( D + ) P S (KP S (2 D +1) P (7.4.2.3)

Equations (7.4.2.1) through (7.4.2.3) can be rearranged in the same general form as that obtained

for the upper bound solutions, i.e. for safety against collapse,

N,Q, + N,Q, 5 QT (7.4.2.4)

and for safety against blow-out,

N,Q,. + N,Q,, 2 QT (7.4.2.5)

In these expressions, the loading paramcters QS, QT, and Q, are defined as in Section 7.3.2, and N,

and N, are weighting coefficients. The values of N, (resp. N,) associated with the best lower bounds

are referred to as N; (resp. N;).

7.4.3 Discussion

Closed form solutions for N; and N; can be obtained with each stress field, using equations

(7.4.2.1) through (7.4.2.3). These expressions of 1V; and N; are displayed in table 7.1; they show

that the lower bound solutions associated with SI, SII and SIII depend on the depth ratio C/D and

on the friction angle
¢’.

The values of N; and N;, computed for ¢' = 20°, 25°, 30°, 35°, 40°, and

45° a.re plotted as functions of C/D (for C/D S 3.0) in figures 7.10 through 7.13. The first two

figures correspond to the general solution (y >0), obtained with S1; coefiicients for collapse are

displayed in figure 7.10, and coeflicients for blow-out in figure 7.11. For the weightless soil case,

only N, needs to be considered (N, = 0). The N, values computed from S11 and Slll are plotted in

figure 7.12, for collapse, and figure 7.13, for blow-out. The best lower bound is obtained by

choosing N; minimum in the collapse case, and N; maximum in the blow-out case. It can be
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concluded from figures 7.12 and 7.13, that SlI·yields better results at shallower depths (C/D S 0.22

· 0.49 for collapse, C/D S 1.52 · 3.40 for blow·out), and that SIII provides the best lower bounds
for deeper tunnels. Similar remarks were made by Davis et al. (1980), in the case ofpurely cohesive
soils.

The lower bounds for weightless soil can be used to improve the general solution derived from
SI. The linear form of the inequalitiu (7.4.2.4) and (7.4.2.5) allow to write the lower bound ex-
pression for collapse,

Qs Q1V—+N —Sl 7.4.3.1
’ * QT · QT ( ’

and the expression for blow·out,

Qs Q1
N —+N -21 7.4.3.2I Q1-

’ Q1: ( a)

Only two loading parameters,
%

and actually need to be considered, and the face stability canr r
be investigated in the plane of loads , %) by bracketing the domain K' of stable load com-1- 1-
binations.

Figure 7.14 illustrates the procedure in the case ¢' = 20', C/D = 0.5: lines .4,8, and A,8,

represent the lower bound solution derived from SI (y > 0); B', and B', correspond tothe best lower

bound for weightless soil. Since K' is convex, and contains A,, 8,, and B',, any point between
A,8, and A,B', also belong to K'. For the same reason, K' contains any point between .4,8, and
A,B‘,.

The lower bound estimate K" of K' can, therefore, be extended from the domain A,8,B,A,
to the domain A,8',B',A,. From a practical point of view, the improved lower bound solution can

be obtained by writing equation (7.4.2.4) or equation (7.4.2.5), with N; equal to the value derived
from SI and N; equal to the best solution for weightless soil.
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7.5 Discussion

7.5.1 Face pressure estimates

From an engineering point of view, QS and Q, are irnposed by geometric and loading conditions,

and Q} (i.e. the retaining pressure 6}) must be chosen such that failure at the turmel face is pre-

vented. 'Ihe expressions found for the upper bound solutions (equations (7.3.2.3) and (7.3.2.4) and

lower bound solutions (equations (7.4.2.4) and (7.4.2.5) suggest to write the critical supporting load

Q} in the form,

Q;-= NSQS + N,Q, (7.5.1.1)

A lower bound estimate of Q} is found by writing equation (7.5.1.1) with NS = NS and N, = N;;

an upper bound estimate of Q} is found by choosing NS = NS and N, = N;. The values to be used

for N;, N}, N;, and N; are summarized in ligures 7.15 and 7.16 for collapse, and figures 7.17 and

7.18 for blow-out. ln these ligures, the upper bound coefiicients have been combined with the best

lower bound coefficients, obtained by using the method described in Section 7.4.3.

In other words, tunnel face stability can be analyzed in a way similar to that used for estimating

the bearing capacity of foundations. The analogy best applies to blow~out, since the ground is, in

this case, put into failure by increasing Q}.

7.0 STABILITY OF THE FACE OF TUNNELS DRIVEN IN SANDY SOILS 238



Q

I oa
QI cu ,2,,

I I Q
I cu
I I Q

I I c~I g
I C\|

I 1%
I I

°‘
5I I Q *2

I " E
I II Q 3
I I

T9 §
q-

4-•IIIg
Iääaäla/°2II°Iä§

II II II II V II I
I g

Ä I 6 6 6 A6 6 I Q a
/ I *1

/j/

/ I co |
1 I

/ / / / / I’
I/ ’ 1 « ’ 1 $4 ~

»*
»’

,.„él4))O

Q <* Q Q *1 Q
6 6 6 6 6 I

$lU@!Q!J-leo:) 6I-I!lI·I6!GN\

7.0 STABILITY OF THE FACE OF TUNNELS DRIVEN IN SANDY SOILS 239



Q
I

‘ =.„ ‘ °2 E ! E M
[

\ Y \ II II
¤

II ®
.Llxä \ ° \ IQ I2

IIx

Ä \ \ 1\ \ \ L Y
.m x \ \ N
"° \ \ \ 01 Q,
ll ' q)

- \ \ \ N! S}

x \ \ \ N (Ö
A ‘ ‘

x Q LE,.
·· X \ x \ CD Q *6

*5 \ \ \ Q O $
\ \ \ \ Q ä

I \ \ x \ \ jj *5 >
ä\ \
\II\ \ \ \ \ N! *Ö*_

€
— \ \ \ \ Y m ä\ Q ‘°

\ x Q 66\ \ \ \ \
\ 1-

=X x \ \ \ Q Z I~
\ \

\ \ O S

I X
‘ ¤

‘
X I Q I —ä*„ \ \ Y Q LLI \ x \ \ \ I II

\ I
x \

\ \ \ \ \ I

x \ \ \ \
QI o

Q Q Q 'Y Q LL'? Y Q N! Y QY-1 c> o o o o o c> o o o

$lU@!9!J-IGOO ÖL-I!lL-IÖIG/\/\

7.0 STABILITY OF THE FACE OF TUNNELS DRIVEN IN SANDY SOILS 240



W Q
Tv :'>cxYIIY YYYYY\Yl$ m_ Ä cxi ,2,,

2 Y YYYYY «¤YY Y YYYYY N
Ä Y YYYYI <:-

Y YIYYY N
Y YYYYY ¤Y *6
Y YYYYI N 9
Y YYYYYQY

YIYYY °*
“§

Y YYYYY °9 “-.
Y YYII F EY YYYYY ag §\YYl“

äYYYYYY Zig ä,
YYYYIYN:YYYYY

OO E

Y ·<r> '7
Z

E
YYYY co | .5*YYYY Ö Y

°“
Q

” YYYY 1: Y ·
YI Y O

Y
Q 1 Y g—

Qc>
oooooocoooocooooY1g$1cgc;Y:1cg¤>¤oY~co¤¤<Y·¤·>¢~Y«-

sY,u6YoY;,Y6oQ 6uY1q6YaNY

7.0 STABILITY or ma mcx or wwmzns muvaw YY~Y smov soms z4Y



o
E2 Lx °„ °° °‘
u\ QN __

\ \ I \ \\ co
I 1 Ü N

u \ I \Ü N
- I \ I6 I I \\ og E‘

x
\"‘

°°I Im Q
IIII1<=2I

Y N >3 x \ ~—¤: Qu
4
OO
A cd\\\“ '•·~ Y

Imu Ä Z E
\\\\\\ ¢>

I
“‘

\\\Ü vz I

\I:6
Qo

o LO o no o an o no o<r CO 60 N N v· 7-

$lU6!°!J46OO 6U!ll·I6!$M

7.0 smauurv or mr; mcs or Tuwwms mzwmw uw smov sou„s 242



7.5.2 Purely frictional soil

In the particular case of a cohesionless material, 6, is equal to zero and the dimensionless coef-
D .

ficients g , g , % cannot be introduced; as a result, the loading parameters QS, Q}, Q, are not

defined. The critical pressure 6} can, however, still be estirnated by writing

6;-= N,.6S + N,,yD (7.5.2.1)

and choosing the bracketing values of N, and N, from figures 7.15 through 7.18.

7.6 Comparison with Experimental Results

Centrifuge tests have been carried out in Nantes, Fra.nce, to study the face stability of tunnels

in sands (Chambon and Corte, 1989). In these tests, the tunnel is modeled with a rigid cylinder; a

soft membrane covers the front part of the cylinder, and allows a supporting pressure, 6}, to be

applied to the face. The centrifuge is operated at 50g; at this acceleration level, the 80mm cylinder

models a 4m intemal diameter tunnel. Failure at the face is induced by decreasing the face pressure

dz-.

The soil used for the experiments is a dry fine sand (Fontainebleau sand). The pressure 6} is

obtained by filling the cylinder with air (uniform pressure) or with water (hydrostatic pressure). A

surcharge 6S can also be applied on top of the model.

Early test results reported in Charnbon and Corte (1989) show that: (1) failure is sudden; (2) it

occurs when the face pressure is decreased to a small value, 6} (a few kPa); (3) for the range of

values considered, C/D has little influence on the limit pressure; (4) the failed area has a bulb shape,
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with its largest climensions at face level; (5) this geometry is not affected much by C/D and the soil

density; and (6) failure does not reach the ground surface for C/D > 1.0.
I

The tests, with compressed air support, were run at two depth ratios, C/D = 1.0 and C/D =

2.0. Two soil conditions were examined. A loose sand (y = 15.3/<N/m’, D, = 62%), and a dense

sand (y = 16.1kN/ml, D, = 86%). The results obtained from the four tests are compared to limitI
analysis estimates in table 7.2. A good agreement is found between the upper bound values and

the measured pressures at failure.

The observed failure zone is sketched in figure 7.19, in the case of loose sand, for C! D = 1.0.

The critical geometry, associated with the best upper bound solution is also shown in dashed lines

in this figure; it does not extend as much as the actual failure area in the vertical direction, but co-

incides almost perfectly with the observed surface in front of the tunnel. The large amount of failed

material evidenced over the tunnel crown during the tests could have resulted from the progression

of failure in unsupported grounds, once face collapse had occurred.

7. 7 Conclusions .

Stability conditions at the face of a turmel can be characterized in terms of the amount of face

pressure 6}, that is necessary to prevent failure. The application of limit analysis concepts to the

case of a tunnel in sandy soils lead to a bracketed estimate of the critical pressure 6} that can be

expressed as a linear function of the surcharge ds and the soil pressure yD. A general solution can

be found for a Mohr-Coulomb soil by considering the retaining load, Q}= (K, -1)%+ 1, the

surcharge load, Q, = (K, - 1) ä + 1, and the soil’s weight load, Q, = (K, - ,1) -gg-, and computing

the critical retaining load Q} using the equation:
i
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Q}: 1v,ÖQS + N;Q; (7.7.1)

In this expression, N} and N; are weighting coefficients that depend on the soil’s friction angle
¢>’

and the depth ratio C/D; the lower bound values N;, N; of NQ·N; yield a lower bound estirnate of

Q}, and the upper bound values N}, N; an upper bound of Q} . Both collapse and blow-out fail-

ures can be analyzed.

A relatively large gap exists between the lower bound coefficients N}, N; and the upper bound

coefficients N}, N}, and more research would be needed to achieve a closer estirnate of the critical

load Q}. The upper bound estirnates, however, are in good agreement with failures observed on

model tests. This comparison between theoretical and experimental results suggests that : (l) a

limited amount of face pressure is required to insure safety against collapse, when the tunnel is

driven in a dry sand; (2) the surcharge ds should have little effect on stability for collapse; (3) ground

surface is not affected during the first stage of face collapse, unless the tunnel is very shallow; and

(4) the failure zone during collapse does not extend much in the horizontal direction.
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8.0 WASHINGTON METRO CASE HISTORY

8. I Introduction

As part of the extension of the Washington Metro system, twin tunnels were excavated between

1986 and 1989 in the southeastern part of the District of Columbia. The projects, named F3 and

F4, were constructed in soft grounds and under the water table. A variety of soils were encountered

during tunneling, with mixed ground conditions at the face much of the time. Earth Pressure Bal-

ance (EPB) shields were used to construct these tunnels. Other construction measures included

· dewatering, chemical grouting, and compaction grouting.

The F4 tunnels were mainly driven under the Anacostia River, near the Washington Navy Yard.

On the landside approaches to the river, ground movements were carefully monitored both during

tunneling and during the months preceding and following the construction. The results of this

instrumentation program are presented in Section 8.3. The F3 tunnels were driven on land; less

intensive monitoring was done for this project than for F4, but useful information was obtained.

Section 8.4 provides a comparison between measures obtained at different locations of both the

F3 and F4 projects. These data together with observations made on the site during construction
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provide the basis for estimating the influence of soil properties and construction techniques on

ground response to tunneling in difficult soil conditions.

8.2 Project Conditions

8.2.1 General

Projects F3 and F4 are located on the southeast extension of the Washington Metro, at the

crossing of the Anacostia River, south of the Navy Yard (figure 8.1). Project F3 includes the "Navy

Yard” Metro station and was divided in three contracts (figure 8.2): F3a, F3b, and F3c. The metro

route runs west-east under M Street SW (F3a), reaches the Navy Yard Station (F3b) and tums

southeast to the Anacostia (F3c). Project F4 corresponds to the river crossing.

Except for F3b, where excavation bracing was used, the projects consisted of twin circular tun·

nels. Each tube, 5.74m in diameter, was excavated with an EPB shield and lined with precast

concrete segments. The F4 project was constructed first. Tunneling for the F4 inbound (east side)

tube started on the south bank of the Anacostia and proceeded north under the river to the Navy

Yard. After completion of the I.B. tunnel, the shield was retumed to the south side of the river and

re·used for the O.B. tunnel. The station (contract F3b) was then excavated and served as an access

shaft for both F3a and F3c. The F3a tunnels were constructed from east to west, with the I.B.

tunnel being bored first. A different procedure was used on F3c: the outbound tube was first ex-

cavated from the Navy Yard station to the fan shaft of the F4 project (figure 8.2). After com-

pletion, the shield was tumed back in the shaft and construction of the inbound tunnel could

procede northwest to the station. This last phase of construction is underway as of this writing

(Fall , 1989) and scheduled to be finished by the end of 1989.
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Altogether. the three contracts F3a, F3c andiF4 represcnt about 1700m of double tunnels, ex-

cavated in difficult water-bearing soils.

8.2.2 Subsurface Conditions

Approximate soil profiles along the F3 and F4 alignments are shown in figure 8.3. The tunnel

crowns were set at depths ranging between 13 and 29m below the ground surface (2 5 II/D 5 5).

The water table is typically located at elevations :1: lm. Soil investigations included conventional

test borings, 20.3cm diameter hollow-stem auger holes, 91.4cm diameter caisson test holes, ful1~sca1e

deep well pumping tests and a ground penetrating radar survey. Piezometers were installed in some

of the borings for continued measurement of ground water levels. Samples recovered from the

borings were tested in the laboratory. Shear strengths were determined using unconfined com-

pression, unconsolidated-undrained triaxial shear and direct shear tests. A series of one—dimensiona1

consolidation tests were perforrned on the most compressible materials.

Detailed information on the testing programs can be found in the soil reports submitted to the

Washington Metropolitan Area Transit Authority (WMATA) (Mueser, Rutledge, Wentworth, and

Johnston Consulting Engineers, 1970 and 1976. Mueser, Rutledge, Johnston and Desimone Con-

sulting Engineers, 1981. Mueser, Rutledge Consulting Engineerings, 1985). Four general forma-

tions were identified in the soils found on the sites, based on the origin of their deposition:

Man-made fill; recent alluvium of the A-series; Pleistocene Terrace materials of the T-series; and

Cretaceous Potomac formation of the P·series.

The fll is usually 3 to 6m thick and consists of a mixture of soil and rubble or debris. Utility

Lines and shallow foundations of existing structures are located in the fill. The alluvium of the A-

series is concentrated in the Anacostia River area, with more occurrence on the south bank than

on the north bank. It consists of relatively organic clays and silty soils. The materials of the T-
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series include a variety of alluvial deposits with a predominance of sandy soils and occasional

presence of gravel and boulders. The soils of the P-series constitute a thick deposit of relatively

strong materials over the bcdrock. They consist of hard clays, sandy clays, a.nd clayey sands. r

Average engineering properties for the soils encountered in the project areas are summarized on

table 8.1. Because of the route chosen for the tunneling works, some of these materials deservel
particular attention: the A1 organic clay, the T1 silty clays, the T5 sand, the Cretaceous Pl clay,

P2 clayey sand and P3 sandy clay.

The A1 clay is a recent alluvial soil, slightly overconsolidated and compressible, with C, values

in the order of 0.65. On the south bank of the river, where larger arnounts of finely divided organic

materials are present, C„, can be as high as 0.70.

The Tl clays occur in two separate strata. The upper T1(A) layer is heavily desiccated and stiff.

The underlying Tl(F) clay is relatively soft and can create construction problems when found near

the tunnel crown. The T5 sand is relatively clear, coarse grained and very compact. Standard

penetration resistances in excess of
'100

blows per foot are frequently measured, probably because

of the presence of boulders. Results from the pumping tests indicate high permeabilities for the

T5 sands, on the order of 10** cm/s. Diflicult tunneling conditions were expected in areas where

the T5 sands were present at the face because of the unfavorable combination of boulders and po-

tentially running sands,

The Cretaceous Pl, P2 and P3 layers are characterized by high standard penetration resistanccs,

with blow counts often larger than 100. The P1 clay is a strong material and should be considered

as a relatively favorable material for tunneling. However, it can be difficult to excavate in some

circumstances, because it is hard and sticky. It possibly contains sand lenses and slickensides. The

P2 soils are made of clayey sands, with fine content in the range 9-17%. Their density is moderate

(50-70%). The high SPT values experienced in these materials during in situ testing can be related
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to residual horizontal stresscs as well as cementation by iron oxide or siderite. The P3 sandy clay

is extremely dense and of almost rocklike hardness.

8.2.3 Tunneling Methods

The tunnels for the F3 and F4 projects were excavated with two shields, both new to U.S.

tunneling (figure 8.4): an Hitachi shield for contracts F4 and F3a and a Lovat shield for section

F3c. Both shields are of the Earth Pressure Balance type, i.e. the cutting head is separated from the

rest of the machine by a bulkhead, and the muck confmed in the chamber located between the

cutting wheel and the bulkhead before it is excavated. The pressure inside the chamber is theore-

tically adjusted to balance the soil and water loads at the face and prevent failure of the tunnel face.

The Hitachi machine (figure 8.4a) was 7.23m long and had a diameter of 5.74m. The muck

was removed from the chamber by a ribbon screw conveyor (figure 8.5a) which was designed to

allow boulders up to 60cm in diarneter to be passed and evacuated. The pressure in the chamber

was intended to be controlled by the opening of the discharge gate and the rotation speed of the

screw auger. The control of this balance is a delicate process, and in Japan it is done by a combi-

nation of man and computer control. In the Washington Metro work, it was expected to be ac-

complished exclusively by manual controls operated by the shield operator. The shield was moved

forward by operating part or all of 24 l25-ton thrust jacks. After each shove, a 25cm thick seg-

mented concrete liner was installed by an erector located near the tail of the machine. The the-

oretical tail gap (difference between excavated and lined diameters) was equal to l56mm. In an

attempt to fill the tail void, grouting through the liner was called for. The grout pressures upon

initial grouting were not to exceed 200kPa; a second stage of grouting was carried out within 15m

of Stage I, with grout pressuresup to 400kPa. A double set of brush seals (figure 8.-ta) were used

in the tail of the shield to prevent passage of fluid into the shield area.
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The Lovat machine for F3c (figure 8.4b) was 6.31m long and had a diameter of 5.71m. In this

shield, the confining pressure at the face and mucking operation was controlled by a "muck ring."

The machine was also equipped with a screw auger for turmeling in granular materials, but this ·

latter device was actually not used. The muck ring (figure 8.5b) consists of a circular chamber be-

hind the cutting wheel, where the excavated ground is confined and squeezed through two discharge

gates. The opening of the gates can be adjusted to control the rate of muck discharge. The process
I

was used to attempt to control the confining pressure applied at the tunnel face. The shield was

equipped with 18 150-ton propulsion jacks. Muck evacuation, liner installation and tail void flling

were handled in a way similar to that described for the Hitachi machine. The theoretical tail void

was smaller for the Lovat shield than for the Hitachi shield (127mm instead of l56mm).

For all of the contracts, dewatering was carried out before excavation or tunneling to lower the

ground water table, and control water around the shafts. This lead to a drop of the water level in

the permeable sands of the T-series, but not in the P2 sands because of the low perrneability of

these soils.

8.2.4 Auxiliary Construction Techniques

Several soil grouting procedures were used during tunneling. Detailed information on the

grouting works used on the F3 project can be found in Appendix C. A summary is provided in

figure 8.6. Chemical grouting was carried out in areas where existing utilities could be darnaged by

excessive ground movements due to construction. Before starting excavation for the outbound

turmel of the F3c project, the 5.5m wide sewer located on New Jersey Avenue was protected by

an arch of jet grouted piles, built from the F3b station over the tunnel section. Additional grout

pipes were installed from the ground surface to allow compaction grouting or void filling to be

completed, if necessary, over the tunnel crown. This technique proved to be useful in controlling

the ground movements induced by overexcavation at the face.
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8.3 Ground A10vements Observed on the F4 Project

8.3.1 Introduction

The F4 project of the Washington Metro involved the section which crosses under the

Anacostia River. A soil profile along the tunnel alignment is shown on figure 8.7 for the portion

of the project located south of the river. Two major features can be observed: (1) Layered ground

conditions at tunnel level, with Pl clay in the lower part and T5 sandy soils in the upper part; (2)

the presence of the Al compressible layer of organic clay just above the tunnel crown, which is

directly underlain by the T5 sands.

Most of the ground motion instrumentation was installed on the south side of the river (oppo-

site of the Navy Yard) along a section of the tunnel just to the landside of the river crossing. Figure

8.8 shows a plan view of the instrumentation stations. For each subsurface settlement indicator

line, labeled SSI-1, SSI-2, etc., ground movements are recorded at three different depths (Point A

at ground surface; Point C, 9.lm deep; Point B, l9.7m deep, and in the tunnel crown vicinity).

Gl3 and G14 refer to instruments installed on an existing sewer line, located about midway between

surface settlement Point A and interrnediate settlement Point C.

Typical geometric and geotechnical conditions are shown on figure 8.9. The twin tunnels were

excavated at an average depth of 19m, with the inbound tube being driven before the outbound

tube. Before construction started, some dewatering was carried out in order to lower the ground

water table, and control water around the entrance shaft. The excavated profiles for three instru-

mented stations on the south side are given in figure 8.10. All three cross sections share a similar

soil distribution, with the presence of the T5 sandy layer at crown level.

8.0 WASHINGTON METRO CASE HISTORY 26l



(Lu) UO!I|.BA6|§

9 ° ä3@7é' ,2i ‘° 330 gä
O

2

E in
/ 5; Eää -1 ° gg E ggCIJ • F um &><

3 333;= O CQ Q? E·-
0$2:\E

E23*1 FS '2W 0
“

92 '%2 ämf 2 2
3g

§ -3 LT
„äißägl 32
(O Q

*
2,2,,,53

ä E
”

332 ‘
*

8.0 \VASHINGTON METRO CASE HISTORY 262



-6 0 6
6 + T

6 o 6
6 6~ 6** 6

”6
.6 .6

66: 6 6
6

(U 6 6
.z

6 6
6*

(-E 6 6
g

' I6 6
8

6 6
g

6 6

6 6
·=>

6- 6
S

6 T
·•6

6 6
E

6 6
<¤

6 6
6666

o

6 6
U:

6 6
6:

6 6
5

\\_\
6 6

6

U

6
666 6 6

E

\x_\ L 6
6 q)

6 ·
C

\_x 6 6
6 I

O

<6= 6 · -a—· 6 6 U)
c

6*

_O

(D .= 6
8

x
· .

~
E Ü 6** $*6 *6

x
9) 6 o Qgg

**2

‘ «
“° 6 JS 6

6 <¤6 ” 9
.6

\ 4
6 co

¤.

\ U)
6

(Ü6666

‘ cn 66IH

EI s,1 006uV 6 6;;)
\ U)

8.0 WASHWGT6 QQM .6 ETRO cAsE HISTORY 263



I

I

§
A TgniClyT{>,~

Bouidery Sand;an%ra&eI 0 0 O 0 · G

Ii I
Ü sé
I :ä

-———--1-_—

L-23.72'•7.23m

Figure 8.9. Typical Conditions For South Side of the Anacostia River

8.0 WASHINGTON METRO CASE IIISTORY 264



O.B. _ I. B.*2?1ä‘22“<>
°%°<> , <> °%°<>

SSI—4O.

B. I.B.*2:12*220
Oäo . 0

SSI-7O.B.

um gzm I.B.

it üSSI—8 2{
IQ] P1 Clay

Q

E P2 Sand
[ T5 Sand

Figure 8.10. Excavated Soil Profiles For South Side of the Anacostia River



Settlements were also recorded at one sectionin the Navy Yard itself. This section was dcnoted

as SSI-3, and the soils seen in the tunnel face are given in figure 8.11. The tunneling conditions

were different in this area from the south side, in that the tunnel crown was entirely excavated in
’

the P1 stiff clay.

8.3.2 Settlement Over the Construction Period

Settlement records are plotted as a function of time for instrumented stations SSI-4 and SSI-8

on figures 8.12 and 8.13. Both SSI·4 and SSI~8 are located on the centerline of the inbound tunnel

and on the south side of the river, and their response is typical of the other data. The available

records cover a time period of about one year, during which both the inbound and outbound tun~

nels were driven. On both plots, a sharp increase in settlement occurred when the inbound tunnel

shield passed directly under the settlement indicators; a small increase in settlement also occurred

when the adjacent section of the outbound tunnel was excavated. Aside from these two sources

of ground movement, the movements at Point B in the crown were essentially unchanged over

time. However, there were steady settlements at the points located in the upper soils, A and C

throughout the record. The time-dependent settlement observed at A and C was significant, being

about 25% of the total settlement registered over one year. Because it is characterized by a constant

rate of increase with time, and because nearby shaft dewatering had been carried out before and

during tunneling, it was postulated that this settlement was due to consolidation of the A1 organic

clay, located above the tunnel. „

Theoretical estirnates of consolidation settlements were made for each station at Points A and

C, using available deformation properties for the Al clay; these parameters are summarized on table

8.2. ln the computations, the non-uniformity of strain distribution with depth due to dewatering,

was accounted for. Associated stress diagrarns and preconsolidation pressure profiles are slcetched

in figure 8.14. The results are plotted on figures 8.12 and 8.13, where the total settlements observed
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at A, B, and C are also shown. ln all cases, good agreement is found between the slope of the

calculated dewatering settlement and the rate of settlement observed over a long period of time.

Thus, it seems clear that most of the time-dependent settlements were caused by the dewatering.

Subtracting the consolidation effect from the recorded values, a clearer picture of tunneling ef-

fects is obtained (figures 8.15 and 8.16). As the shield approached the line, the first point to respond

was at the ground surface (A), and this was followed by Point C at 9m depth, and then Point B in

the crown. Although B started later, it moved the most when the shield passed. The movement

at Point B was in direct response to the shield passage, and tended to stabilize quickly after shield

passage. Movements at Points A and C also responded directly to shield passage, but, ir1 addition,

they exhibited a defmite, slow increase with time after shield passage. The time dependent move-

ments at A and C tended to bring the total settlements at A and C very close to those at B. The

reason for the time dependent movements of the upper points are not entirely clear. lt could be

due to consolidation of excess pore pressures set up during tunneling, or a gradual breakdown of

the ground arch formed in the ground above and to the sides of the tunnel.

8.3.3 Settlement Induced by Tunnel Construction

To allow a clearer relationship to be established between the settlements and shield tunneling,

the settlement data, minus dewatering consolidation effects, were plotted versus position of the

shield as in figure 8.17 for SSI-4 (inbound tunnel, south side of river). Similar plots are prepared

for SS1·7 and SS1·8 (inbound tunnel, south side of river) and SSI-3 (inbound tunnel, Navy Yard

side of the river) in figures 8.18, 8.19 and 8.20. No plots are available for the outbound tunnel

because the data sets for the measurements at SSI-5, SSI-6 and SSI·9 were not complete enough.

In all of these figures, the records for Points A, B, and C are given the same origin, although it

should be remembered that they are located at different elevations and actually begin to move at

slightly different times. As expected, larger movements occurred in all cases at Point B, in tlie
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crown of the tunnel. Point C settled more than A at SSI—3 and SSI-8, but the two moved about

the same amount at SSI-4 and SSI·7.

In all cases, the settlement started about one tunnel diameter in front of the shield face and be·

came almost constant one diameter behind the tail. For SSI-4, SSI-7 and SSI·8, large ground

movements occurred as the shield approached the line. All cases show large movements occurring

as the tail of the shield passed. The two major sources of settlement were: face intake (first large

increase in settlement) and tail void closure (second large increase in settlement). The large amount

of face intake at SSI-4, SSI-7 and SSI-8 can be related to the presence of the T5 sand layer at crown

level at this location. Such an interpretation is confrrmed by the fact that at station SSI-3, on the

Navy Yard side, where the upper part of the tunnel consisted of Pl clay, the amount of ground

movement recorded in front of the shield was much smaller than on the south side. Tail void clo-

sure resulted in large settlements at crown level for all sections. The fact that large face intakes

occurred on the south side supports the idea that the EPB shield was not being operated in a true

EPB mode.

On the south side, the settlement vs. distance to front of shield response curves were like those

observed on most tunneling jobs except for a kind of plateau which occurred in the middle. In this

area, the shield seemed to stabilize the ground until the tail void effect took hold. The plateau in

the settlement diagram was probably made obvious in this case because the settlements at the face

and then at tail void closure were large.

The maximum settlements on the south side caused at the time of shield passage at the surface

and crown were plotted on figure 8.21 for SSI-4, SSI-7 and SSI-8 (inbound), and SSI-5, SSI·6 and

SSI-9 (outbound). In all cases, the settlements at the crown are larger than those at the ground

surface, generally by about 4cm. The settlements at SSI-4 and SSI-9 are the largest by far relative

to the others, reaching 8cm at the surface for these two versus 3.5-5cm at the other points. Aside
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from SSI--1 and SSI-9. all of the settlements are in the same range. ln general, the settlements for

the outbound tunnel were no different from those of the inbound tunnel.

For a given tunneling section, the ground movements are usually symmetric with respect to the

centerline unless strong nonhomogeous ground conditions or nonsyrnmetric geometxies are present.

In particular, the surface settlement is symmetric with respect to the centerline and its shape is

usually similar to that of a reversed error function (Peck, 1969). In the present case, the tunnel was

not instrumented in the direction perpendicular to its axis. However, a tentative estirnate of the

settlement trough over the inbound tunnel could be found at two different stations, assuming that

the settlement profile had the shape of a reversed error function and using the data from the nearest

instrumented point on the outbound tunnel. The two stations where this can be done are SSI-7

(using data from indicator G-13) ar1d G-14 (located on the utility line, and using data from SSI-5).

The estirnated settlement troughs are plotted in figures 8.22 and 8.23, for different stages of shield

advance in the vicinity of the station. It can be seen from these figures that the above described

procedure results in unreasonable predictions for the early cases, while the shield is approaching the

line (0.33m in front of the shield face for section SSI-7/G-13, 6.03m in front of the shield face for

section G-14/SSI-5), since a very flat settlement trough is predicted. The estimated settlement

trough becomes stable with a reasonable shape a few liner rings behind the face. The parameter

2i/D (distance of inflection point in the settlement trough to centerline over tunnel radius) for the
I

stabilized settlement troughs is equal to 3.80 at SSI-?/G-13 and 3.10 at SSI-5/G-14. Both values

are in reasonable agreement with data observed at other sites (figure 8.24).

Using the assumed surface settlement troughs allowed an estirnate to be made of the amount

of ground loss IC (Clough and Schmidt, 1981). The values computed for SSI-7/G-13 and

G~14/SSI-5 are relatively large: E = 2-3%, although, they are not unreasonable given the large

settlements.
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8.3.4 Conclusions

From the analysis of ground movements on the F4 Project, it can be concluded that:

1. The observed settlements on the south side of the Anacostia River are strongly influenced by

consolidation of the upper organic clay layer, which was induced by the dewatering for the

entrance shaft.

2. Consolidation effects ca.n be calculated, and removed from the data. The resulting settlements

show clearly classic tunneling pattems.

3. On the south side of the river where the crown of the tunnel was in sand a.nd the invert in stiff

clay, about one half of the settlements are due to movements into the face of the tunnel. The

movements are directly related to the running of the sandy soils in the crown by the shield.

4. On the north side of the river (the Navy Yard side), where the crown of the tunnel was in stiff

clay, much smaller movements are seen into the face of the shield than on the south side.

5. Settlements that can be attributed to tail void closure are about the same on both the north

and south side of the river. This shows that the tail void effect is almost independent of soil

conditions.
im i

I

6. Where settlements were measured on both the inbound and the outbound turmels (this was

done only on the south side of the river), there is little difference in movement levels. There

is no evidence of a learning curve.
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8.4 Analysis of Ground Response to Tunneling on t/ze F3

and F4 Projects

8.4.1 Introduction

The F3 and F4 Projects involved tunneling in different ground conditions and in a number of

instances, several soil irnprovement techniques were used (see Section 8.2.4). Instrumentation of

the projects included deep settlement indicators, shallow settlement indicators, and, at three lo-

cations on the F3a contract, inclinometers. In addition, shield operation pararneters such as muck

counts, shove pressures and earth pressures were recorded after each excavation for each liner ring.

The ground movements observed on the F4 section are described in Section 8.3. Detailed in-

formation on the F3a and F3c contracts can be found in Appendix C. The data are summarized

in figures 8.25 through 8.27 for the F3a section, and 8.28 through 8.30 for the F3c section. They

reflect a definite influence of face conditions on the measured ground movement.

8.4.2 Tunneling in the Pl Clay

The high shear strength and low perrneability of the Pl clay should, in general, make for a fa-

vorable material for tunneling. When the shield is advanced in a unifomi P1 clay layer, the front

is stable, and, under regular machine operation, the ground is excavated and squeezed through the

screw auger door or the muck ring gates. However, difficulties arose from both the stickiness and

hardness of the material. During excavation, the clay tended to stick inside the EPB muck chamber

and it then accumulated inside the chamber. On the F4 Project, the concentration of material
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under the screw conveyor (figure 8.4a) caused the front part of the auger to bend upward. The

machine had to be stopped and a piece of the screw auger was cut and removed from the shield

before construction could resume. Water was also injected into the chamber to allow the clay to °

slide, but this lead to problems because the clay chunks were slick and would not move up the

conveyor belt unless sandust was added to the muck.

The machine used for the F3c section was equipped with a muck ring (figure 8.5b) for operation

in clayey materials. Yet, difiiculties were encountered in the early part of the project when the Pl

clay stuck in the chamber and could not squeeze through the discharge gates. The problem was

solved by injecting water under pressure in the lower part of the muck ring. However, the emerging

muck was very wet and caused mucking operations to be sloppy.

Muck counts were relatively high in the P1 clay, with values in the order of 7.7 cars per rings

recorded on tl1e F3a project (figure 8.26), and up to 9.9 cars per ring on the F3c project (figure

8.29). While the muck car counts were higher than in sands, they did not apparently reflect sig-

nificant ground losses (see Appendiit C).

Settlements over the tunnel crown in Pl clay were recorded at instrument lines SSI-3 (figure

8.20) of the F4 project, and SD-8lA (figure 8.31) of the F3a project. In both cases, little dis-

placement (about 20-25% of the total tunneling settlement) was observed occurring ahead of the

shield, and most of the settlement was due to tail void closure. Movements into the tail gap were

larger on the F4 indicator (43mm, i.e. 28% of the tail gap) than at station 109+ 50 of the F3a

section (18mm, i.e. 14% of the tail gap).
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8.4.3 Tunneling in Mixed T5 and P Soils

At several locations along the F3 and F4 projects, mixed grounds were present at the face, with

T5 sands at the crown and Pl clays, P2 sands or P3 clays in the lower part of face. Each time these

conditions were encountered, they resulted in construction difliculties a.nd ground losses. The

problem could essentially be related to the unfavorable combination of hard soils in the invert

overlain with softer running ground in the crown.

Crown settlements measured in mixed T5 and P soils, on the F3 and F4 projects are presented

in table 8.3. The data used in the table are plotted in Iigures 8.17 (SSI-4, F4 project), 8.18 (SSI-7,

F4 project), 8.19 (SSI-8, F4 project), 8.32 (Station 98+ 50, F3a project), 8.33 (Station 128+85,

F3c project), and 8.34 (Station 129+ 05, F3c project). For each instrumentation line, the contrib-

ution of face intake and tail void closure was estimated. Face intake appeared to be closely related

to both the extent of the T5 layer at the crown and the nature of the underlaying P material. Where

the T5 layer thickness was less than 30% of the tunnel diameter, settlements at the face could be

kept under 3cm; they tended to increase with increasing amounts of T5 sands at the crown. For

the SD-6 indicator (Station 128 + 85, F3c), where the T5 layer made up almost half of the excavated

profle, settlement due to face intake was estimated at 8.8cm, and settlements also occurred over the

shield (figure 8.33). At Station 98+ 50 (F3a section), where the excavated profile consisted of T5

and P2 sands, less effect of face intake was recorded than when similar amounts of T5 sands were

combined with Pl clay at the face. (This could be explained by the higher hardness of the P1 clay

in comparison with P2 sands. Harder material are more difficult to cut and apparently generated

more inflow of the T5 sands at the crown, while the cutter worked on the clay. For the same rea-

son, little face settlement (1.8cm) occurred at Station 113 + 90 (F3a project), where T5 sands at the

crown were combined with a soft layer of silty sand (figure 8.35). Table 8.5 and figure 8.20 show

that tail void closure was almost constant on the F4 section, on the order of 30% of the theoretical

tail gap value, regardless of face conditions. On the F3 projects, however, higher tail settlements.

i
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in the range 40-100% of the tail gap, were recorded. This result is difficult to explain, since it is

known (figure 8.29) that grout intake through the liner was higher than the gap volume along most

of the F3c project. Settlements observed near Station 129+ 00 as the shield tail passed the instru-
i

j mentation lines could be due to overexcavation in front of and over the machine.

Lateral ground movements were measured on three inclinometers installed along the F3a sec-

tion. Figure 8.36 shows the deflections in the direction perpendicular to the tunnel axis that were

measured on inclinometer l-l, during the construction of the O.B. tunnel. Three stages can be

identified in the Iateral ground response to tunneling: (I) as the shield approaches the instrumented

section, the soil starts to move toward the opening; (2) when the machine comes within 40m of the

section, the ground is heaved away, with the maximum outward movement occurring at about 20m

from the face; and (3) 10m in front of the shield, the soil starts to move back towards the tunnel,

Hlld the displacements are accelerated when the shield tail is passed. The final distribution of de-

flection with depth is irregular with a local maximum at the tunnel crown, a sharp decrease at 0.35D

over the crown and a linear increase with elevation from the point of minimum deflection to the

ground surface. This reversal in Iateral movement just over the tunnel crown has been observed

on other case histories and was probably amplified on the F3a project because of mixed soil con-

ditions. In analyzing this phenomenon, it must be remembered that the data actually reflect the

deflections of the inclinometer tube; these deflections are related, but not identical to, the soil dis-

placements. The local maximum in deflection over the tunnel crown can be explained by large

movements of the T5 sands into the tail gap. The minimum found 0.35D above the tunnel is more

likely associated with the response of the inclinometer under Iateral loads. It reflects the develop-

ment of a passive resistance and possibly an arching effect in the Tl clay above the tunnel crown.

Both inclinometers I-1 and I-2 were located in areas, where the ground failed when the O.B. tunnel

was constructed, and recorded the same displacement pattems. On inclinometer I-3, which was

not located in a failure zone, the minimum in deflection occurred at a higher elevation (0.5D over

the crown) and lateral displacements over this point were much smaller than for l-l and 1-2 (see

Appendix C).
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Ground losses estimated from muck counts were high on the portions of the F3a inbound

tunnel and the F3c outbound tunnel, where mixed T5 and P soils were encountered, with overcx-

cavation volumes in the order of 20-30% of the excavated volume (table 8.4). They were associated

with several ground failures on the F3a project. As shown on figure 8.37, failure occurred during

excavation of both the I.B. and the O.B. tunnel. Because of the small arnounts of overexcavation

computed for the O.B. drive (table 8.4), it is believed that ir1 most cases failure was induced by voids

created in the T5 sands during construction of the I.B. tunnel. Between Stations 101+ 25 and

102 + 25, a large crater developed at ground surface over the O.B. tunnel. The volume of collapsed

zone was estimated as 6.6m’ per meter of tunnel. The overexcavation volume in this area was

2.2—7.7m’/m on the I.B. drive and 1.2m’/m on the 0.B. drive (see figure 8.27, where the overex-

cavation volumes per ring have been reported; each ring is 1.235m long). No failure was observed

over the I.B. drive, between Stations 101+ 25 and 101+ 75. The large extent of failure found in this

area over the O.B. tunnel could only be explained by the ground losses experienced on the I.B. drive

(the cumulative effects of overexcavation and tail gap closure on the O.B. drive were less than 1.2

+ 1.4 = 2.6 m’/m). lt is likely that failure occurred in two stages. The ground was first loosened

in the T5 layer before a massive collapse took place in the overlaying Tl silty clay. All the failures

reported for the F3a project formed large craters (l-2 diarneter wide, several diameter long and 0.5

to 2.0m deep), which is typical of generalized collapses in clays (see Chapter 7). On the F3c project,

large scale failures could be prevented in mixed T5 and P soil conditions by stopping the machine,

and injecting large quantities of grout above the tunnel (figure 8.29), each time signilicant move-

ments were recorded on the deep settlement indicators. With this procedure, ground collapse was

probably limited to the T5 layer and did not reach the surface.

Shove pressures, recorded on the F3 project were generally higher in sandy areas than where

clays were present at the face. On the F3c section, the propulsion forces could be estimated. Once

corrected for depths effects, these forces appeared to be higher with T5 and Pl ground conditions

than with any other soil combination found at the face along the project.
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8.4.4 Tunneling in Mixed P2 and P1 Soils

The P 1-P2 soil combination was encountered along large portions of the F3c project. Both the

P1 clays and the P2 sands are dense materials. The P2 sands are stable ir1 dry conditions, but can

flow under small hydraulic gradients. Dewatcring in the P2 sands was reported as difficult and oc-

currences of water into the tunnel were observed when the machine was stopped. Under these

conditions, ground losses were as high as 30%, where P1 and P2 soils were present at the face, with

either P1 clay in the upper part underlain with P2 sands, or P2 sands in the upper part and Pl clay

in the lower part. Between Stations 140 + 90 and 143 + 30, where P2 sands covered more than 70%

of the upper pan of face, grout volumes into the tail gap were smaller than the theoretical gap value

of 1.39m’ (figure 8.29); these low amounts ofgrout take were probably associated with early ground

collapse over the tunnel crown.

Several failures were reported between Stations 139+40 and 143+40 (figure 8.38); they took

the form of narrow chimneys of circular cross section, 1 diameter wide or less. This observation

is consistent with the conclusions of Chapter 7 about face stability in frictional materials: Even

though ground losses were significant in most combinations of P1 and P2 soils, no ground failure

or significant settlement was observed when P1 clay was present at the tunnel crown. One expla-

nation for this could be that the P1 clay forms chunks of soil that do not move much immediately

after tunneling; large settlements may, however, develop in the long term as a result of a time de-

pendent rearrangement of the chunks of clay. Failures occurred where 50% to 70% of the upper

part of face consisted of P2 sands. They were noticed 6 to 9m behind the shield, but were probably

due to excessive amounts of face intake. Large volumes of grout had to be poured into the

sinkholes to fill the voids (figure 8.29).

Little instrumentation was installed in the section of the project where P2 sands existed (figure

8.28). Up to 9cm of settlement were recorded on deep indicator SD-7, located at Station 140 + 60,
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l.22m above the tunnel crown. According to the available data, most of the ground movements
i

occurred before the shield face. They were associated with high ground losses, but no sinkhole was

observed at the surface, probably because of the presence of the 0.84xl .25m trunk sewer at elevation+ 2.4m. _ l
8.4.5 Influence of Construction Measures

The two machines used on the F3 and F4 projects were both of the EPB type and differed in

a few characteristics: the Lovat shield used on the F3c project wasshorter than the Hitachi ma-

chine; it allowed less tail void clearance, and made use of a muck ring instead of a screw conveyor

to control the extraction of material from the confiriing charnber. In spite of their differences,

similar difficulties were encountered when the machines had to be operated in mixed face condi-

tions. On the Lovat shield, the tail void was grouted at the edge of the tail skin, to limit the amount

of ground loss due to gap closure. This procedure did not allow to balance the amount of over-

excavation generated at the face, but proved to be efficient at filling the tail void, with grout volumes

almost always in excess of the gap volume (figure 8.29).

Several grouting techniques were used on the F3 projects.- They included jet grouting, chernical

grouting, and compaction grouting. Jet grouting was used at the entrance shaft of the F3c project,

to create an arch of horizontal piles over the future tunnel. This satisfactorily limited the amount

of ground movements when tunneling was started and provided a good protection to the

5.50x4.85m trunk sewer located just above the tunnel crown, at New Jersey Avenue.

After massive ground failures had been observed during the O.B. drive of the F3a tunnels, the

decision was taken to stabilize the soils with chemical grout before excavation of the remaining

portion of the project. The tube-ä-manchette technique was used (figure 8.39) to build a half ring

of stable soil over the O.B. tunnel, with grout pipes spaced at 1.8m intervals. The procedure was

8.0 WASHINGTON METRO CASE IIISTORY
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carried out at three locations: between Stations 100+ 02 and 100+ 38, between Stations 96+ 75

and 97+ 53, and between Stations 94+ 65 and 94+ 83. In these areas, the soils found at the face

consisted essentially of mixed T5 and P2 sands, and had probably been loosened by the con-

struction of the I.B. tunnel. After grouting, no problems were reported with sinkholes or large

surface settlements.

Compaction grouting with grout pressures in the order of 200 to 400kPa was actually used as

a void-filling technique. Grout pipes were driven along the 7.62m water main and the 0.B. tur1ne1,

between Stations 128 + 50 and 133+ 00 (figure 8.41a). Grout was injected when necessary above

the crown of the O.B. tunnel (figure 8.41b), 4·10m below the ground surface. In this area, the

tunnel crown was 10 to 15m deep. The method prevented ground failure, in spite of massive

ground losses in the T5 sands at the tunnel face. Compaction grouting was also cariied out at other

locations, over the tunnel shoulders but was reported to be inefficient at preventing settlements of

overlaying utilities.

8.4.6 Conclusions

The tunnels driven for the F3 and F4 projects of the Washington Metro allow an understanding

of the influence of face conditions and construction techniques on the ground response to tunneling.

The following conclusions can be drawn from the analysis of the data collected on the site, during

the construction of these tunnels:

1. Tunneling in P1 clay produced little settlement. Ground losses were usually moderate, in spite

of high muck counts. Construction problems occurred due to the hardness and the stickiriess J

of the clay.
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2. Severe problems with ground control occurred each time mixed ground conditions were en-

countered, where a hard material existed in the lower part of the face and a cohesionless soil

was found at the tunnel crown. The presence of hard ground caused the machine progress to

slow, and allowed large amounts of the running sands in the crown to move into the machine.

3. The T5 and P soils combination generated signiiicant ground losses at the face and large sur-

face settlement due to the reasons given above. The presence of gravel and cobbles in the T5
’

sands probably added to the amount of overexcavation at the tunnel face. If no ancillary

ground stabilization measures were taken, these displacements resulted in ground collapse.

On the F3a project where clayey materials were present over the tunnel, ground failure was

followed by the formation of large craters at street level.

4. Shield forces were relatively high in mixed T5-Pl conditions, as compared with values recorded

in other soils.

5. Large overexcavation volumes often occurred in mixed Pl clay and P2 sand conditions. No

significant ground movement was noticed when the Pl clay was in the upper part of the face.

However, when P2 sands were present at the crown, with Pl clay in the lower part of face,

settlements up to 9cm were recorded above the tunnel, and several surface failures developed.

In this case, the failures took the form of narrow chimneys, extending from the tunnel crown

to the ground surface.

6. Three stages were identified in the evolution of centerline settlements over the tunnel crown,

with a first phase of displacements at the front, followed with a plateau over the shield and a

second phase of displacement behind the machine. The first displacement phase was attributed

to face intake and the second phase to tail void closure. Both displacements usually accounted

for 50% of the total crown settlement in mixed face conditions. On the F4 projects, tail void

closure appeared to be almost equal to 30% of the gap, regardless of soil conditions; but values

in the range 40-100% of the tail gap were estirnated on the F3 project.
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7. lnclinometers installed in mixed T5 and
l’2

soils on the F3a section showed that the ground

was initially heaved away from the opening in front of the machine, but subsequently the

ground exhibited a large lateral displacement toward the tunnel crown.

8. When compressible soils were present over the turmel, dewatering before and during turmeling
l

produced consolidation settlements over the construction period, and then accounted for a

large portion of the total settlement observed at the surface.

9. The EPB shields used on the F3 ar1d F4 projects were unable to control ground movements

at the face in mixed soil conditions. This happened in part because no tight control of exca-

vated volumes was made and the machines were actually not operated to balance the earth

pressures at the face.

10. On the F3c project, tail void grouting was completed at the edge of the tailskin. The method

proved to be efficient in limiting the amount of ground collapse into the tail void, with ring

grout volumes being equal or greater than the theoretical gap volume.

ll. Grouting over the tunnel and under utilities appeared to be the most efficient method used on

the F3 and F4 projects to limit ground movements. Chemical grouting with the tube·a~

manchette technique was effective and protected utilities on the F3c section. Void filling over

the tunnel crown also gave satisfactory results on the F3c project.
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9. I Introduction

Empirical correlations for settlernents induced by tunneling in soft ground were first introduced

by Peck (1969). Based on observations made on several case histories, a general shape was pro-

posed for the distribution of surface settlements, and its charactexistics related to ground conditions.

In a similar study, Cording and Hansmire (1975) attempted to quantify the amount of surface

settlement in terms of the volume of ground loss, i.e. the volume of the settlement bowl observed

at ground surface. Four stages of volume losses were identified for shield tunncling: (1) ahead of

the face (face intake); (2) over the shield (pitching and yawing of the machine); (3) at the tail of the

shield (tail void closure after erection of the lining); and (4) behind the shield (long-terrn settlement _

9.0 SEMLEMPIRICAL EVALUATION OF GROUND MOVEMENTS DUE TO SHIELD
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due to liner dellection, collapse of voids formed around the tunnel, and consolidation). Corrections

were applied to account for the compression or expansion of the ground located between the tunnel

crown and the ground surface.

Clough and Schmidt (l981) used theoretical considerations to determine the maximum amount

of ground loss to be expected as a result of tunneling ir1 clays. Data collected from different

tunneling projects were found in reasonable agreement with these theoretical predictions and pro-

vided further support to Peck’s (1969) empirical estimates.

Because of the complexity of both the construction process and the behavior of the soil during

excavation, these correlations constitute an essential tool in the prediction of ground movements

induced by tunneling. The applicability of such methods relies on the amount and variety of data

used in establishing the correlations.

The present chapter considers the application of empirical techniques to shield tunneling.

Available methods are briefly described, and the ground movements, observed on several projects,

analyzed. Based on the information collected from this review of case histories, updated corre-

lations are proposed for estimating the amount and distribution of settlements induced by shield

tunneling ir1 soft ground.
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9.2 Semi-empirical Correlations

9.2.1 Distribution of Surface Settlements

The construction of a tunnel generates a rearrangement of stresses around the opening. As a

result, displacements occur in the surrounding ground and a depression forms at the ground surface.

The settlement profile observed in a plane perpendicular to the tunnel axis is usually symmetric

with respect to the tunnel centerline, and its shape can be approximated by a reversed error function

(Peck, 1969).

The mathcmatical properties of the error function are summarized in figure 9.1 (issued from

Clough and Schmidt, 1981). The surface settlement r(x) at a distance x from the tunnel centerline

can be computed using the equation:

x2
.r(x) =rm„_x exp[ -;:1 (9.2.1.1)

1

The settlement curve is entirely characterized by its maximum value sm, and the distance i of its

inllection point to the tunnel centerline. For x = i, the settlement r(x) is equal to 0.6 s„„„„. The

maximum curvature of the settlement trough occurs at a distance (/3i from the centerline; this

parameter can be useful in estimating the sensitivity of above-ground structures to tunneling in-

duced settlements.

Equation (9.2.1.1) also allows deterrnination of the volume of settlement per unit length of

tunnel. This volume can be computed as a percentage K of the excavated volume:
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2.5 '
K:(100%) (9.2.1.2)

1rD /4

9.2.2 Volume of Ground Loss

The volume of settlement V, is closely related to the volume of ground loss K, generated around

the tunnel. Dilferences between K and K result from the expansion or compression of the ground

around and over the tunnel (Cording and Hansmire, 1975). If no volume change occurs in the soil

during excavation, K and V, are identical. This can apply for the immediate ground response to

turmeling in a saturated clay.

Clough and Schmidt (1981) proposed a theoretical expression for the maximum volume of

ground loss, V,, i.e. the maximum volume of settlement, K, that could be observed during the
A

construction of a tunnel in clay. The solution depends on the stability of the ground around the

tunnel, and can be written as a function of the overload factor (see Chapter 7),

. + H-_ N=i’l——‘-fl (9.2.2.1)
Su

For N < 1, the ground remains elastic, and the volume of ground loss is proportional to N:

K. = V, = mN (9.2.2.2)

For N 2 1, a plastic zone develops around the opening, and the expression for K (or K becomes):

K = V, = m exp[N — 1] (9.2.2.3)
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ln these equations m is a coeflicient that depends on the deformation properties of the soil. For

many clays, the ratio of the undrained modulus E„ to the undrained shear strength S„ varies between

500 and 1500, and m is restrained to a limited range of values:

0.2% S m S 0.6% (9.2.2.4)

Equation (9.2.2.3) is valid for small values of K(K g 10%). If larger amounts of ground loss are

expected, it is preferable to use the general solution:

N — lVs = rg = (9.2.2.5)
1+-(-E6)exp[N— 1]

For a tunneling project characterized by an overload factor N, a bracketed estimate of the maximum

possible ground loss can be obtained from expressions (9.2.2.2), (9.2.2.4), and (9.2.2.5). The sol-

ution, however, is based on limiting assumptions, and is only intended to provide an order of

magiitude for K or K. The assumptions include the following conditions: (l) initial stresses are

uniform and isotropic around the tunnel (Ko = 1.0, no local influence of gravity); (2) the tunnel is

instantaneously excavated (three—dimensional effects at the face are disregarded): (3) no volume

change occurs within the plastic zone; and (4) deformations remain small. In addition, the soil’s

Poiss0n’s ratio is chosen equal to 0.5 (no volume change under elastic deformation).

Using the same assumptions as for a tunnel in clay, an order of magnitude can also be computed

for the maximum volume of ground loss to be expected in a cohesionless soil. For such ground

conditions, tunnel stability is characterized (see Chapter 7) in terms of the friction angle ¢>', the
D

depth ratio (or g-), and the pressure ratios and —%77. The overload factor can conveniently

be written:

+ H
Nq,. = (l — sin

¢>’) 2-% (9.2.2.6)
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The following notations will be used in the derivation of the volume of ground loss PQ : the tunnel

radius is a = g, and the radial displacement of the tunnel wall u„ ; if yielding occurs, R is the radius

of the plastic zone, and u,, the radial displacement of the plastic ring; before excavation, the StrCSS€S

in the ground are equal to: „

60
= os + yH (9.2.2.7)

As a result of tunneling, the radial stress 6,, at the boundary between the elastic and plastic zones

is decreased to (Deere et al., 1969)
i

0*,, = (l — Sin d>')a0 _ (9.2.2.8)

The general solution for the deformations produced by the excavation of a circular tunnel in a

uniform frictional soil can be found in Deere et al. (1969). The radius R of the plastic zone is equal

to:

0 1- sin d>'
R = (a — ua)<(1 — sin ¢') 2 sm 46* (9.2.2.9)

and the displacements 11,, equal to:

14,, = (6° — 6,81-%,- R (9.2.2.10)

(E = s0il’s modulus, v = soil’s Poiss0n’s ratio)

Condition (3) can be written:

42 — (4 - aj = R2 - (R - ri,)2 (9.2.2.11)

If we assume that the ratio u,,/R is small (u,,/R < < 1), this expression can be transfomied (using

equations (9.2.2.8) through (9.2.2.10)) into:
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H 1-sin d>'62 — (6 — ua)2
= 2(a — ua)2 sin ¢>'[(1— sin qS’) -2%] sm gw ao (9.2.2.12)

The volume of ground loss V] is equal to:

O
1:62 — 1r(6 — u,,)2

Vl = (100 Ä:)l (9.2.2.13)
na

An expression for K is found by solving for (6 — 11,,)* in equation (9.2.2.12), and substituting the

solution for (6 — 11,)* in equation (9.2.2.13). The expression derived for E depends on the overload

factor N,,„, the friction angle d:', the soil's unit weight y, and the increase in soil modulus E, with

the depth y, E/y. The maximum volume K can be bracketed using current values of qö', y and

E/y associated to two extreme soil conditions:

•
a loose sand: qS' = 30°, y = 18.5kN/m°, = 1.3MPa/m

•
a dense sand: ¢:' = 45°, y = 21.2/<N/m-‘, = 17.6MPa/m

In both cases, the Poisson’s ratio of the soil is chosen equal to 0.3. The bounding expressions for

IC can be written:

(0.0l92)N¢»
oVlg(100 /:) 1 +(0~0192)N¢, (9.2.2.146)

ar:d

(0.0022)Ng;4“
IQ 2 (l00°Ä:) (9.2.2.14b)

l + (0.0022)N¢;

Assumption (3) is unlikely to apply to a granular material. In most cases, volume expansion will

take place in the plastic zone, and the inequalities (9.2.2.14) will underestimate the maximum vol-

ume of ground loss V,. These expressions, however, should still provide a reasonable upper value
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of the volume of settlement generated at the ground surface, and the maximum probable V, should

verify:

(0.0022)1vg:"‘ (0.0192).)/,,,.
1000/

0//0)
1 J- /0)1.

This solution assumes that a plastic ring develops around the tunnel, i.e. that N,. 2 l. For a purely

elastic ground response (N, < 1), the following expression should be used instead of (9.2.2.15):

S (9.2.2.16)

l9.3Review of Case Histories

Nearly 150 tunneling movement records were examined in this study. They were obtained from

63 case histories of shield driven tunnels (table 9.1), and cover a wide variety of geometric,

geotechnical, and construction conditions. A number of these projects were considered in a previ-

ous case study review by Hanya (1977). For the analysis, similar classilications to those introduced

by Hanya (1977) were used for soil conditions at the face and shield charactenstics. Four soil types

were considered,

•
Type 1 - stiff to hard clays,

• Type 11 - sands and gravel,

• Type lll - soft clays,
T
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• Type IV · Miscellaneous soils (This category includes mixed face conditions with possible

inclusions of gravel, silts, limestone, till, or loess.),

and four shield types:

•
Type H ~ hand rnining (includes machines using a baclchoe type excavator, and capable of

applying partial support to the face),

•
Type M · mechanical (coxresponds to full face excavation using a rotating cutter),

• Type B - blind,

• Type S - slurry.

In addition to Hanya’s (1985) classification, shield types were divided into two general categories:

closed face and open face. Closed face shields correspond to machines capable of completely

closing the tunnel front, if necessary. They include blind shields, slurry shields, EPB shields, and
“

all the full face machines of type M. This definition differs from that used by Konda (1987) in

which only bulkhead shields are considered as closed face shields. The category open face shield

used in the present classification also includes cases of partial face support and use of compressed

air.

For each case history, the geometric and geotechnical conditions were recorded, and the over-

load factor N, or N, , estimated using available soil parameters. The settlement parameters i were

obtained from published settlement curves and the ratios H/D and 2i/ D computed. The volumes

of ground loss V, were estimated using equation (9.2.1.2). For some projects, published values of

i and V, could be used.
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The results of the analyses are summarized by soil category in tables 9.2 through 9.6. Because

of the large amount of information related to projects in Mexico City, ground movements observed

in the soft Mexico City clay are reported ina separate table (number 9.4).

The characteristics of surface settlements in clays (tables 9.2 and 9.3), and sands (table 9.5) are

discu'§sed in section 9.4. For soil type IV (table 9.6), no general conclusion could be made because

of the variety of ground conditions included under this category.

9.4 Observed Ground Movements in Clay

9.4.1 Distribution of Surface Settlements

The estimated values of the dimensionless settlement parameter 2i/D are plotted as a function

of the depth ratio H/D in figure 9.2, using a log-log diagram similar to that considered by Clough

and Schmidt (1981). The data show no apparent influence of the shield type.

Most records in stiff clay (represented by a triangle in figure 9.2) plot close to the line,

2i _ Ä
D - D (9.4.1)

This equation is only slightly different from that proposed by Clough and Schmidt (1981) and

should provide reasonable estimates of settlement distributions in stiff to hard clays.

The data for soft clay (represented by a circle in figure 9.2) show more scatter than those for stiff

clay. This may be due, in pan, to the superposition of tunneling and consolidation settlements in
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the measured ground movements. Where data for the soft clays were available for different Stages

of construction, they showed a tendency for a widening of the settlement trough with time after the

shield had passed the instrumented section. The settlement records used in figure 9.2 were not
F

taken at the same distance behind the shield, and, therefore, should reflect different combinations

of tunneling and consolidation displacements. Another reason for the scatter observed in figure 9.2

is that silty soils were assumed as soft clays. Table 9.3 shows that small values of 2i/ D, relative to

H/D ratio, were conlined to silty cohesive soils. lf cases of large consolidation settlements and

occurrences of silty soils are excepted, equation (9.4.1.1.) is found in reasonable agreement with

most of the records obtained in soft clays.

Values of 2i/D measured in the soft Mexico City clay vary between (0.50) 11/D and (1.35) H/D.

This departure from the general trend, observed on other projects in soft clays, probably results

from the unusual properties of Mexico City clay. lt is possible that both the consolidation and

tunneling settlements were not stabilized at the time the measurements were made.

9.4.2 Volumes of Ground Loss

Volumes of ground loss estimated from settlement records in clays are plotted in figure 9.3 as

a function of the overload factor N. Also shown in figure 9.3 are the two bounding curves defined

by equations (9.2.2.3) to (9.2.2.5). The bulk of the data (including the ground losses recorded in

uniform clay on the Washington Metro F3a Project) fall within or below the two theoretical esti-

mates for maximum ground loss.

In four instances, however, ground losses were much higher than that predicted by the theore-

tical curves, with values of V, in the order of 20-40% for N = 2-3. These records all correspond

to the Stockton on Tees, U.K. project (table 9.3). This tunnel was excavated at a depth of 7m in
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a wcak silty clay (S, = 50/<Pa), without use of compressed air. Face collapse was obscrved near one

of the entrance shafts. Consolidation of the soft clay contributed to the measured settlements, but

it is likely that the excessive ground losses recorded for this project resulted, at least in part, from

failure of the soil around the tunnel (McCau1, 1978).

With the exception of turinels driven in diflicult conditions (N 2 6.5), closed face shields tend

to produce less settlement than for other conditions. The advantages of using a closed face shield

are even greater than figure 9.3 would suggest, since part of the beneficial action of such a machine

is, in many cases, to lower the overload factor N, by applying a retaining pressure 6,- at the face.

The influence of time on observed settlements is analyzed in figure 9.4. In this figure, ground

losses are plotted for three stages of construction. Immediately after excavation, after 1 to 10 days,

and after a period of time larger than 10 days. The available records, except for the Stockton on

Tees project, show that irnmediate ground losses are always smaller than the maximum theoretical

estirnates. The time effect is significant, with up to 40% increase in ground loss with time. If the

values of IC after 1 to 10 days are assumed to be still due to tunneling, the data plotted in figure

9.4 suggest that the increase in K with time mainly results from the stabilization of ground move-

ments behind the shield. e

The volumes of settlement measured in the soft Mexico City clay (figure 9.5) are concentrated

between the two theoretical curves, with most values in the range 4-10%.
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9.5 Obsrzrvcd Ground rl/lovcments in Sands

9.5.1 Distribution of Surface Settlements

. . . ‘¥
The settlement pararneters 21/ D measured over tunnels in sands are plotted in figure 9.6. The

data are relatively scattered and range between 0.5 and 3.3. They show no influence of either the

shield type or the depth ratio H/D.

For cohesionless soils, Peck (1969) noted that the distribution of surface settlement is consid·

erably affccted by the presence of water, with the settlement trough being wider for tunnels under

water. A closer analysis of the data displayed in figure 9.6 shows (table 9.5) that for most tunnels

in dry sands, 2i/D varics between 0.5 and 1.5, and is, in many cases, close to 1.0. Tunnels under

water, on the other hand, produce values of 2i/D in the order of 3.0. For projects partially under

water, or on which dewatering was carried out before tunneling, 2i/D varies between 1.0 and 3.0.

The shape of the settlement trough is also influenced by the presence of other materials at the

face. For example, on section Gl of the Washington Metrolproject, where sands were mixed with

clays at the tunnel face, values of 2i/D as high as 3.31 were estirnated, even though no water was

reported around the tunnel during excavation.

9.5.2 Volumes of Ground Loss

Volumes of settlement for sands are plotted in figure 9.7. Most of the records fall within the two

curves defined by expression (9.2.2.16), ar1d for none of the projects considered in the case history
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review was the volume of ground loss larger than the theoretical maximum value. More data would

be needed to draw further conclusions, but it seems that the expressions determined in section 9.2

provide a reasonable upper cstimate of the volume of settlement to be expected over a tunnel in

sand. Volumes of ground loss derived from muck counts on the Washington Metro F3a Project

were, in two instances, larger than the theoretical maximum estimates, but these ground losses were

in fa?:t recorded in mixed face conditions, with dense sands in the lower part of face and running

sands at the crown. Shield type has apparently no influence on the amount of settlement generated

at the ground surface, other than a possible reduction ir1 the overload factor, associated with the

application of a retaining pressure cr at the face.

9.6 Conclusions

The excavation of a tunnel in soft soils generates ground movements around the opening and

settlements at the ground surface. This subsidence may cause damages to existing above—ground

structures. If large displacements are expected to occur as a result of tunneling, the construction

techniques should be adjusted to keep surface settlements within acceptable limits. Both the mag-

nitude and distribution of surface settlements could affect theibehavior of existing structures.

Empirical correlations, based on the observation of ground response to tunneling on a large

number of case histones, help estirnate the consequences of using different types of excavation

techniques in a particular category of soil conditions.

In the present study, a characterization of settlements induced by shield tunneling in soft soils

was attempted, on the basis of records collected from over 60 case histories. The analysis of

settlement distributions show that:
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1. The parameter Zi. D increases almost linearly with the dcpth ratio lliD for a tunnel in clay, and

can be estirnatcd, using the equation:

2i _ Ä
D

—
D (9.6.1)

2. For tunnels in sand, 2i/D is unalfected by the tunnel depth and varies between 0.5 and 3.3.

The settlement trough tends to be narrow over tunnels in dry sands, with 2i/D values close to

1.0 and wider for sands under water (21/D z 3.0).

3. Departure from the two ideal cases of a pure clay or a pure sand modilies the shape of the

settlement curve. 2i/D tends to be smaller than the value predicted by equation (9.6.1) when

silts or granular soils are present together with clay at the tunnel face. On the other hand,

occurrences of cohesive materials in a sand profile tend to widen the settlement trough.

4. When a tunnel in sand is partially under water, or dewatering is carried out to lower the water

table under the sand layer, 2i/D usually varies between the two extreme values observed for

dry sand (2i/D z 1.0) and saturated sand (2i/D z 3.0).

5. 2i/D estimates show more scatter for tunnels in soft clays than for tunnels in stiff clays. They

also appear to be relatively sensitive to time effects, with a tendency to increase with time.

The superposition of different combinations of tunneling and consolidation settlements partly

explains the amount of scatter observed for data in soft clays.

6. Settlement curves recorded over tunnels in Mexico City are, in general, more narrow than

equation (9.6.1) would suggest. This may be due to the particular properties of the soft Mexico

City clay.

7. For both tunnels in clays and tunnels in sands, shield type has no apparent effect on the dis-

tribution of surface settlement.
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The comparison between the volumes of settlements estimated from equzition (9.2.1.2) and the

maximal values derived from theoretical considerations show that:

l. Ground losses for clays depend on the value of the overload factor,

+ H —
iv = (9.6.2)

Su

2. They are smaller than the theoretical upper limits introduced by Clough and Schmidt (1981),

unless large consolidation settlements or ground failure occurs during construction.

3. The data show a strong influence of time on the observed ground losses. One to ten days are

apparently necessary to stabilize tunneling settlements.

4. A closed face shield provides better ground control in clays than an open shield.

5. For tunnels in cohesionless soils, the overload factor should be computed from the equation:

_
l 6,. + yH

6. Theoretical expressions for the maximum probablc volumes of settlement can also be derived

for tunnels in sands (equations 9.2.2.15 and 9.2.2.16). The available records show that these

two bounding curves should provide a reasonable estimate of the maximum ground losses to

be expected over a tunnel in sands.

7. Shield type does not seem to influence the value of K in sands.

9.0 SEM!-EMPIRICAL EVALUATION OF GROUND MOVEMENTS DUE TO SHIELD
TUNNELING 348



Unlike openings in still and competcnt rock, soft ground tunnels can usually not remain stable

without the installation of a supporting structure. Growing needs for underground works in urban

areas, for the construction of transpottation systems and utility networks, has required the appli-

cation of tunneling techniques to increasingly difficult conditions. These include water bearing

cohesionless soils, soft clays, and mixed face profiles, with interbedded weak and stiff soil layers.

These unfavorable geotechnical conditions are often associated with strict constraints on ground

movement control, irnposed by the urban environment. Advances in tunneling equipment have

allowed the construction of such projects to be completed. However, the design technology has

not kept up with the new procedures available in construction.

In this dissertation, the three engineering problems associated with soft ground tunneling are

examined:

l. Design of the temporary liner for a tunnel constructed with the NATM.

2. Face stability of a shield tunnel in sands.

3. Movements induced by shield tunneling in soft grounds, and in mixed face conditions.
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Three different approaches were used:

1. Finite element techniques for liner design.

2. Limit analysis for face stability.

3. Observational methods and empirical correlations for ground settlements.

Advanced tunneling methods are described. Most soft ground tunneling is accomplished using

a shield. A shield is a steel cylindrical unit that provides a safe space for workers and equipment

during construction. The ground is either hand rnined or excavated with a full face rotary cutting

wheel. The face can be stabilized, if necessary, by putting the tunnel under compressed air or, in

the case of a bulkhead shield, by applying a confining pressure to the face. The earth pressure

balance (EPB) shield and the slurry shield belong to this latter category. The New Austrian

Tunneling Method (NATM) is a construction procedure which provides support to the ground

immediately as soil is excavated. It can be adapted to the local conditions during tunneling, i.I1 an

attempt to optimize the amount of support. The ground is excavated in stretches of about one

meter over the full face or in several stages. A temporary support, usually made of shotcrete, is

immediately applied to the tunnel wall behind the face. The permanent stability of the opening is

later insured by the construction of a concrete liner. When compared to shield tunneling, the

NATM has the advantages of being more flexible and economical, and offering better control on

ground movements. However, it is much slower than the shield method, and may require the in-

troduction of costly ancillary techniques, such as compressed air or grouting, when used in difficult

soil conditions.

The applications of the finite element method to soft ground tunneling are reviewed. The

three-dimensional nature of the problem, that usually results from shallow depths, layered soils and

anisotropic stress conditions in the ground, is best accounted for in a full 3-D analysis. For eco-

nomical reasons, however, 2-D models are generally used, and the tunnel is analyzed in :1 cross-
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section perpendicular to its axis. The validity of this plane—str:1in model relies on its ability to

account for the 3-D effects that take place around the face. Both the construction procedure and

ground behavior must be represented in a realistic way. A careful simulation of construction is

necessary because of the staged process of providing support to the tunnel, and stress-path de-

pendency of the soil behavior. The following remarks can be used as guidelines ir1 choosing a rea-

sonable constitutive model for the analysis of tunneling induced ground movements: ·

1. A reasonable construction simulation technique is necessary to obtain a realistic prediction of

tunnel behavior, regardless of the type of soil that is used (Clough et al., 1985; Rowe and Kack,

1983; Eisenstein, 1986).

2. lf construction model and soil pararneters are reasonable, a range of soil models will provide

realistic predictions of the maximum movements when compared to observed data.

3. The curvature of settlement bowl generated at the ground surface is more difficult to estimate,

because of the inability for most soil models to account for strain localization effects and of

lirnitations inherent to the two-dimensional approach.

4. Simple elastic models can provide good answers if little yielding occurs. But allowances should

be made for soil modulus changes with depth, and anisotropic ground conditions around the

opening.

5. Creep effects must be included in the analysis of tunnels excavated in chemically grouted sands

(Tan and Clough, 1980).

6. In soft, saturated soils, allowances should be made for the time dependent consolidation def·

orrnations that result from the generation of high local pore pressures during construction.

Simplified methods are also available to account for these effects when no complete solution

is needed.
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The consideration of 3-D effects is essential in modeling the NATM procedure, because of the

strong inter-relation, that exists in this case, between construction and ground response. The sof-

tening method is currently used to include the three-dimensional rearrangement of stresses at the

face in a 2-D model. The method is implemented in two steps:

• Step 1. The soil modulus is reduced by a softening coefficient n in the tunnel area, and exca-

vation loads, factored by l-1/n, applied to the tunnel boundary.

• Step 2. The liner elements are activated and the full excavation loads, computed from the

stress distribution determined in Step I, are applied to the soil-liner interface.

In this dissertation, the softening method is modified to better account for the horizontal dis-

placements along the tunnel axis that occur into the face as a result of the three-dimensional nature

of the problem. This is done by correcting the Poisson's ratio within the tunnel area in Step l.

For an undrained clay (v 2 0.50), this equivalent Poisson's ratio is equal to l /3. lt is found that

changing the Poisson's ratio to 1/3, in the area limited by the tunnel boundary, completely modifies

the distribution of movements in the whole ground mass. Furthermore, it is found that, using v

= 0.33 (instead of 0.49) for all soil elements, produces liner loads that are similar to those obtained

with the improved softening method (using v = 0.33, within the tunnel area, and v = 0.49 for the

other soil elements), and on the conservative side. The predictions for liner loads and maximum

surface settlements are also conservative in comparison to those generated when liner weight and

increase in soil's modulus with depth are accounted for.

The simplified softening procedure (using v = 0.33 everywhere) is applied to ovoid tunnels,

constructed with the NATM in undrained clays. Geometrie and geotechnical parameters are se-

lected to model conditions found on transportation projects. The analysis is limited to single tun-

nels, but the results are applicable to cases of double tunnels, provided the pillar width over

diameter ratio is larger than 2.0. Based on a parametric study 011 the tunnel depth H and diameter

D, the liner thickness e, the soil modulus E, shear strength S„ and earth pressure coefficient K„, a
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design method is proposed to estimate the forces in the temporary shotcrete liner, and maximum

surface settlements, generated during construction. lt is found that:

1. The maximum lincr thrust T„„„„ and moment, rl/f,„„ are proportional to the overburden pres-

sure at the tunnel springline, reduced by (l ~ A), with A being the amount of stress release that

results from three~dimensiona.l effects around the face.

2. T„,„, is in first approximation proportional to D, and MM, to ez.

3. The full estimates of Tm, and Mm, also depend on the earth pressure coefiicient K,, the over-

load factor N, and the dirnensionless ratios and (E, = shotcrete’s modulus). They can
C

be computed from charts provided in the present work.

4. The thrust distribution along the liner depends on K,. The moment distribution also depends

on K,, and to some extent on the relative flexural capacity between the liner and the soil.

5. The maximum surface settlement s,„„, can be determined by addixrg a surcharge component

(due to the application of a load, 6, at the ground surface), and a tunneling component. The

former is derived from elastic solutions; the latter is proportional to the stress at springline, the

ratio D/E, and a coefiicient function of K,, N, and 1..

The predictions of the proposed design method are compared with the results derived from other

procedures and case studies, based on finite element analyses. The geometries and geoteclmical

conditions assumed in these other studies are not completely identical to those considered in the

present work, and this allows to estimate the influence of parameters that were not exarnined in the

parametric study. The comparative study shows that:

l. Within the range of values assumed in the parametric study, the proposed design method

provides estimates of liner forces and maximum surface settlements, that are reasonable and

conservative in comparison with those obtained with other approaches.
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2. The distribution of liner thrusts and moments are influenced by the tunnel shape.

3. The prediction of reasonable design values relies on the choices made for two key parameters: .

the soil modulus, E, and the amount of stress release, A. The value of E does not affect the

maximum thrust much, but is essential in deterrnining MM, and .s„,„. The coeflicient J. controls

_ the magnitude of liner forces and maximum surface settlements. lt depends on both the

ground conditions and construction procedure (influence of the time required for liner instal-

lation, and set up time of shotcrete).

The face stability of shield tunnels in frictional soils is examined using the limit analysis con-

cepts. Upper bound solutions are derived from the analysis of three failure mechanisms and the

results compared with lower bound solutions obtained from previous work. Stability conditions

are characterized in terms of the retaining pressure 6} that must be applied to the tunnel face to

avoid failure. It is found convenient to consider the dirnensionless factor, Q}= (K, - 1) + l,

instead of 6}. The critical retaining load, Q}, can then be expressed as a linear combination of the

. D .surcharge load QS = (K, — 1)% + l, and the soil’s weight load, Q, = (K, — 1)%- . Comparrsons
I

with published results of centrifuge model tests show a good agreement between the experimental

results and the critical pressures, and failure surfaces derived from upper bound solutions. ‘ Both

experimental and theoretical results suggest that:

1. For a tunnel in dry sand, a limited amount of retaining pressure is needed to guarantee the

stability of the face.

2. The loads applied at the ground surface should have little influence on face stability.

3. The ground surface is not affected during the first stage of face collapse, unless the tunnel is

very shallow.
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4. The failure zone is relatively narrow, and, in particular, does not extend much in front of the

tunnel face.

The Washington, D.C. Metro case histories (Sections F3 and F4) provide an opportunity for a

detailed study of the response to shield tunneling in mixed soils. The project consists of twin cir-

cular tunnels, 5.75m in diameter, excavated at depths ranging between 13 and 29m, under the water

table, and in various soils, including loose gravelly sands, silty sands, hard clays, dense clayey sands,

and stiff sandy clays. Two shields, of the earth pressure balance (EPB) type were used on the

project. Because of the difficult conditions found during construction, a number of auxiliary

ground treatment techniques had to be used: dewatering, cornpaction grouting, chernical grouting,

jet grouting. Large ground movements were observed as a result of tunneling and several failures

were reported. Because of the presence of utilities a.nd above-ground structures over the tunnel

alignment, the project was instrumented with settlement indicators, installed near the ground sur-

face, over the tunnel crown, and on top of utilities. Three inclinometers were also used to monitor

lateral movements. Shield operation parameters were recorded after each shove for a new ring (i.e.

a 1.25m advance of the machine), including muck counts, shove pressures, earth pressures within

the bulkhead, and volumes of ring grout. The analysis of field data suggests the following conclu-sions: i
l. Tunneling in stiff to hard clay produced little settlement. Construction problems, however,

did arise because of the hardrress and stickiness of the clay.

2. Severe difficulties occurred when mixed conditions were present at the face, with hard materials

in the lower part of the face and cohesionless soils at the crown: The machine progress was

slowed by the excavation of the harder materials, and this allowed large arnounts of

cohesionless grounds to flow into the face at the crown. As a result, large surface settlements,

and ground failures occurred at the ground surface.
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3. Failures in sands were of limited lateral extent, and took the form of narrow chimneys, about

one tunnel diameter wide, or less. In clays, large arnounts of soil displaced during failure, and

wide craters opened at the ground surface.

4. Three stages were identified in the evolution of centerline settlements over the tunnel crown:

a first phase of displacement due to face intake, a plateau over the shield, and a second phase

of settlement at the tail of the machine. ln mixed soils, face intake and tail void closure each

contributed about half of the total crown settlement.

5. Lateral displacements measured ir1 mixed face conditions showed that the ground was heaved

away from the opening as the shield approached, and that a large amount of movement took

place into the tunnel crown when the shield passed the instrumentation line.

6. Shove forces were the highest in mixed loose sand and hard clay conditions.

7. When compressible soils were present over the tunnel alignment, dewatering before and during

construction produced consolidation settlements of the same order as those induced by

tunneling.

8. When used in mixed face conditions, with cohesionless materials overlying hard soils, the EPB

shield did not prevent large ground movements to occur, except where a tight control of face

pressures and excavated volumes was possible.

9. When large ground losses were anticipated and grouting techniques were used, the amount of

settlement induced at the ground surface was reduced. Grouting included chernical grouting

of the ground over the tunnel and under utilities, void filling over the tunnel crown, and jet

grouting.

Above ground structures are sensitive to both the magnitude and distribution of surface settle-

ments induced by tunneling. Because they can include all the aspects of the complicated tunneling
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process, semi-empirical correlations, based on field observations provide useful information for the

predictions of ground movements. In the present work, a review of nearly 150 settlement records

is used to examine the validity of current empirical techniques for shield driven tunnels. In most

cases, surface settlements can be represented by the reversed error function introduced by Peck

(1969). With this approach, the distribution of settlement is characterized by the distance i of the

infection point of the curve to the tunnel centerline, and the magnitude of settlement by the volume

of ground loss I4, computed as a percentage of the excavated volume. The conclusions of the case

studies are:

1. For tunnels in clay, the distribution parameter is close to the settlement trough tends

to be more narrow in silty cohesive soils, and wider if large consolidation settlements occur.

2. In dry sands, the settlement trough is narrow and independent of the tunnel depth,

withvaluesin the order of 1.0. The distribution parameter is larger when the tunnel is partially or

fully under water (with values up to 3.0 in fully saturated conditions), or when cohesive

materials are present at the face.

3. Clough and Schmidt’s (1981) theoretical estimates for the maximum volume of ground loss,

expressed as a function of the overload factor N, provide a reasonable upper limit for the vol-

umes of ground loss observed in clays. These values, however, can be exceeded if large con-

solidation settlements or ground failure occurs.

4. Similar expressions can be derived for tumiels in sands, provided another definition of the
. + H . . . .overload factor, N,. = (1 - sin d>') is used. The solutions are in good agreement with

observed settlement records.

5. Shield type does not influence the distribution of surface settlements. The volume of ground

loss is independent of shield type in sands, but tends to be lower for a closed face shield than

an open shield, when the tunnels are excavated in clays. For both sands and clays, the use of
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a pressurized shield helps control the amount of ground movements by reducing the ovcrload

factor, N, or .V¢..

6. Based on data collected ir1 the literature, it appears that, for a given shield type, the largest

ground losses tend to occur in soft clays (with volumes of ground loss as high as 73% of the

excavated volume, in free air). Large arnounts of ground loss (up to 30% of the excavated

volume) were also reported in mixed sands, with earth pressure balance shields, on the

Washington, D.C. Metro case histories.
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F Appendix A. ACCURACY OF THE QUADRATIC

ELEMENT FOR THE ANALYSIS OF LINER

FORCES AND DISPLACEMENTS

1.0 Loading Conditions

In this section, the accuracy of the quadratic element for predicting liner forces and defonnations

is checked for a circular ring. For such a simple geometry, closed form solutions can be derived for

a few loading cases and direct comparisons are possible between computed and theoretical values.

The geometry considered is presented in figure Al. lt consists of a single structural ring of ex-

temal diameter, D = 6m, and thickness e. Therefore, the extemal radius is r, = 3m, and the intemal

radius of the ring, n, is equal to:

r, = % - e ' (A 1)
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Several values of the thickness e were examined. The geometry can be described in cartesian co-

ordinates (0, X, Y) or polar coordinates (r, 0). The ring is assumed to remain elastic during loading

and its characteristics are: E, = 25,000MPa; vc = 0.15.

Two loading cases are analyzed (see figure A2):

•
Case A: The ring is subjected to a uniform radial pressure, p„ = 1MPa. To insure a unique

solution for this problem, it is necessary to irnpose some boundary conditions of the dis-

placement type. Displacements on the internal side of the ring are set to zero along the Y di-

rection for 9 = 0 and rr- and along the X direction for 6 =i•

Case B: An elliptical deformation is imposed on the ring. It is determined by a distribution

of radial displacement, u,, defined as:

u, = u0cos20 (A 2)

ln the analysis, u„ = —lcm.

2.0 Closed Form Solutions for Loading Case A

A closed form solution for the radial displacement, Ar,, induced on a circular ring by a uniform

radial pressure, p„ can be found in Muir Wood (1975):

p rAre = (1 - v§)r8 (A3)

where rp is the ratio of radius of lining centroid to that of extrados. lt can be seen, however, that

this equation assumes an infrnitely thin linerz
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ä < < 1 (A4)

Even though such an assumption is reasonable for most practical purposes, it is not completely

satisfactory for assessing the accuracy of the fnite element computations. The expression for Ar,

can be derived from the general solution for the problem of hollow cylinder of finite thickness e,

subjected to radial pressures p, on the outside, and p, on the inside (Robert, 1981). lt is a classical

problem of elasticity that can be solved after writing:

•
The equations of equilibrium:

M g = Q (A 5)

• The elastic stress·stra.in relationship:

=i 2 — —
2 ,¢ 1+*

* (z )1 (A6)= EC ‘ EC r-

• The continuity equations:

g = Q- (gadll + (gadQ)‘) (A7)

•
The boundary conditions:

g.g =pl for r = ri (resp. —pC for r = rC) (A 8)

(g, é, i refer respectively to the stress, strain and unity tensors; Q is the displacement vector and g

is a unit vector, normal to the cylinder’s surface,) The axisymmetry of the problem is best used

by considering a cylindiical coordinate system (0, r, 6, z) with the Oz axis, running along the tunnel

axis, and looking for a solution for the displacements field of the form:
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u, = rf(r) (A 9a)

uz = cz (A9c)

‘
where c is a constant and f(r) a function of r only. It is found that:

bj(r) = a + (A10)
r

(with a and b constants) and that the stresses, 6,, 6,, 6, and deforrnations 6,, 6,, 6, can be written:

G, = A - (A 1 1)
r

G, = A +é (A 12)
r

62 = C (A13)

(where A, B, C are constants), and:

6, = a — (A 14)
r

6, = 6 + (A 16)
r

1:, = c (A16)

Using the assumptions of plane strain conditions (6, = 0) and elastic behavior of the cylinder,

coefficients A, B, C can be related to a, b, c:
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A (A (74)

l ß=2y,Cb (A17b)

C (A 176)

In these equations, 1,, 12„, refer to Lame’s elastic parameters:

EC

4
Ä— Zv (A 19)Ac + #6 C

Consideration of the boundary conditions irnposed to the cylinder lead to:

2 2
A = (A 20)’6 ' G

’6 ‘ Ü

For our problem, no intemal pressure is applied and equations (A18), (A19) rewrite:

Ö
A = - pe

fi (A22)

*6 ' G

2 VZ
B = -pg!} -5--;* (A23)

F8 * FI

Finally, the radial displacement Ar, can be written:

A b
rg = r'e(a + (A24)

r
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(since Ar, = res,).

The combination of equations (A17) through (A24) lead to the following expression for Ar,:

Q 2 _ 2
'„—?7( +··c)*‘ (A25)

C l + T8

It can easily be seen that equations (A3) and (A25) are equivalent if we assume the liner thickness

to be infmitely small (11 = 1, = 1).

3.0 Closed Form Solutions for Loading Case B

A solution for the maximum bending moment, M„,,,,, induced by an elliptical deformation of

the liner (equation A2) can be found in Muir Wood (1975):

E IWimax =%% (A26)
l — vc 11 fe

where 1 is the liner inertia per unit length:

_ Le]I - --12 (A 27)

A complete solution for moment and thrust along the liner can be derivcd from Panet’s (1986)

equations for a general displacement field of the liner detemiined by the equations:

ur = r(U1 + U2cos29) (A 28)
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ug = rl/2sin29 (,439)

where U1, U1, V1 are constants. The solution for moment M and thrust T can be written:
l

M = é r2(Z - 2 Y)cos26 (A30)

T=rX+%r(2Z— l’)cos29 (A31)

where X, Y, Z are functions of the elastic parameters K„, K, defined as:

KC = é (A 32)

K)= 9 li?lf (A 33)
1 — vc r

They satisfy the following set of equations:

X = (KC + Kf)U] (/134a)

2Y - Z = ZIQU2 (A34b)

Z = 2K„(U2 + ZV2) (A 346)

In our case, both U1 and V2 are equal to zero and U1 is equal to:

U2 = ll} (A35)

After solving for X, Y, Z in equations (A34), the following expressions are found for M and

T:
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E I
il/[ = äcos20 (A36)

1
— vc (ll,-el

1 e 3lT=l(—————)Etq, cos20 (A37)
1- vi im (nrg)3 C

Note that equation (A36) leads to the same value of Mm, as l\/luir Wo0d’s (1975) solution

(equation A26). Both moment and thrust are proportional to cos29 ·

4.0 Comparison Between Predicted and T/zeoretical Values

Table Al shows a comparison between the computed and theoretical values of Ar„ with the

theoretical values deterrnined using equation (A25), and assurning e = 30cm:

Are = 1.09673mm (A 38)

Several discretizations of the ftnite element mesh were considered for the liner (from 12 to 48 ele-

ments of equal length). lt appears that the accuracy of the finite element solution can be improved

by increasing the number of elements, and that the error on Ar, can be kept within 1% by using

24 elements or more. The solution is more sensitive to the number of elements than the aspect

ratio. For a liner thickness e = 7.5 cm and using 24 elements, the accuracy of the finite element

solution (0.8%) is the same as for e = 30 cm, even though the aspect ratio is four times larger

(Ar, = 4.57465mm from finite element analysis and 4.61339 from equation (A25).)

Typical moment and thrust distxibutions obtained for loading case B are shown on ligures (A3),

(A4), (A5), where the finite element solution (square symbols) is compared with the theoretical
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solution (dashcd line). Another curve has been obtained by plotting .\1„,„cos28 for the moment

or T„,„cos28 for the thrust, where M„„,(resp. T„,„,) refer to the maximum value computed for the

moment (resp. for the thrust) using the finite element solution. This curve is shown with a full line

on the figures. Both figures (A3) and (A4) correspond to a liner thickness of 30cm. Twenty-four

elements have been used for the case shown on figure (A3) and 48 elements for figure (A4). lt can

be concluded that (1) a reasonable estimate of moment and thrust can be obtained from the finite

element solution, (2) the accuracy is not improved much by increasing the number of elements from

24 to 48, (3) the distribution of moment and thrust along the liner is well predicted by the finite

element solution (comparison between symbols and dashed line). The last point shows that the

difference between the finite element and theoretical solutions comes essentially from differences

on estimates for M„,„, and T„,„,. This could, ir1 fact, be due to assumptions made on the value of

e/D in deriving the "theoretical" solution (equations (A30) and (A31)). Such an interpretation

would be confirmed by the results obtained with 24 elements and e = 3cm: even though the aspect

ratio of the liner elements was equal to 26, perfect match could be achieved in this case between the

"theoretical" and "finite element" solutions (figure A5).

This study on two possible loading cases on a circular ring, involving pure compression as well

as bending of the liner shows that the quadratic element described by Mana (1978) is suitable for

the analysis we are considcring. With a 6m diameter tu.nnel, reliable results can be obtained by

using 24 elements for 30cm thick liners. The same number of elements can also be used for smaller

liner thicknesses (e = 15 cm, e = 7.5 cm).
A
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' Appendix B. DERIVATION OF UPPER BOUND

SOLUTIONS FOR THE FRONT STABILITY

OF TUNNELS IN FRICTIONAL SOILS

1.0 Introduction

Chapter 7 considered the applications of limit analysis to the stability at the face of circular

tunnels in sandy soils. Three failure mechanisms are examinecl for the determination of upper

bound solutions. They are all based on the movements of one or more blocks of conical shape.

The upper bound solutions associated with these mechanisms are derived in this appendix.

Information on limit analysis principles and general descriptions of the failure mechanisms consid—

ered can be found in Chapter 7.
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2.0 Derivation of the Upper Bound Solutions Associated

with Nlechanism MI y

2.1 Geometrie Properties

Mechanism MI is described in figure B1. A few geometzic quantities are needed for the deri-

vation of the extemal power P, and the dissipation power PV, associated with the mechanism. ln

determining these quantities, it is convenient to consider two cones, C and C
’

(figure B 1), with same

apex Q and axis A , but different extent. The base Z of cone C is in the tunnel face, whereas the

base Z' of cone C' is cut through the ground surface. The moving block B corresponds to cone C

less cone C'. ln the particular case where failure does not reach the ground surface, only cone C

needs to be considered, and B coincides with C . Two coordinates systems are used : (0, x, y, z),

attached to the tunnel, and (Q, X, Y, Z), attached to the cones. Transformations between the two

coordinate systems are obtained by:

X= x (Bla)

D . , .Y=Ts1natand> —ycosa+zsina (Blb)

Z=-Q—ysina—zcosa (Blc)2 tan ¢>’

C and C' are characterized by the same equation with respect to coordinate system (Q, X, Y,

Z):
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X2 + V2 = tan2¢'Z2 (62)

The height h of cone C is
2

cos(a — d>') cos(a + ¢>')
hD

sm(2¢’) (B3)

The intersection of C with the tunnel face (figure Bl) is an ellipse, of scmi—axis lengths a and

bc

a = % (ma)

_ D ./cos(a — ¢>') cos(a + qS’)
b —

2

cosThearea A of the cone base is:

_ „D2 ,/c0s(cz — ¢>') cos(a +
¢>’)

A —
4 cos

¢>’ (B5)

The same parameters can be detcrmined for C', its height h',

h, D sin Za —%{—sin2qS’
<26>

the semi·axis lengths a', b' of its base Z' ,

DSuizaQ,
=

——2

2s1n(a—¢> )sm(a+d>)

D Sur Za - sin z4»'
Ö' = *·2

2cos d>’„/sm(a — qS’) s1n(a + ¢>')
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its area A',

RD; (ä sin Za - lg sin za')2Ä,
= (B8)

cos
¢>’[

sin(a — da') sin(a + qS’)]2

The volume Vb of block B is equal to:

Vb = V- V' (B9)

where V is the volume of cone C, and V' the volume of C':

_„}) cosa— ’cosa+
’

23 [ ( 45 ) ( 45 )]i
V-

12 cos ¢>'sin 2¢>'
(B10)

"D3 [%sin2a—%(sin2d>')]3V,
= (B11)

cos a sin 2¢>'[ sin(a — ¢') sin(a + ¢>')]2

The lateral area Sb of block B is equal to:

Sb = S — S' ‘ (B12)

where S is the lateral area of cone C, and S' the lateral area of C'. Expressions for S and S' are

found by using complex number integration:

_„D cosa— 'cosa+
’

22 L < 2 > < ¢ >1L
S — 4 cos a Sm (bb cos 4), (B13)

L ' _ Ä ‘
·

2
_

4
”

'
’ _ , LSm d' °°s

"’
[s1n(a — ¢>')s1n(a + 427] 2
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The expression for Ib and 5,, can bc simplified, once the following ratios are introduced:

./cos(a — rb') cos(a + da')RA —
cos ,,,2 (BISG)

cos(a — dz') cos(a +
¢>’)

RB = (BISÖ)

_ cosa
Rc —°

tan 4):

(6166)

RE=./sin 2(a
—¢’)

sin 2(a + ¢>’) (8156:)

Equations (B9) and (B12) then become:

3 -Vb-? RARBKI [
RE

] ] (BI6)

„D= /@2/=C 2 , RÄRÄ
Sb=T·g$Y[l—2COS¢ {ana'-?] (B17)

2.2 Velocity Field

The mechanism considered in figure Bl involves the rigid body motion of block B. AII points

on B have the same velocity:

g: Ve; 2 (B16)
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Plastic energy can only be dissipated along discontinuities and the dissipation power per unit
dP,, _

BIC:). ISI

dpv 1V,d2°— H ran 4u

• . . . „ „ • dPV •
With 5 being a unit vector normal to the drscontrnurty at the point where

E
IS computed (see

Chapter 7, figure 7.2b). Since the angle 0, , between the velocity Z and the discontinuity surface

is choserr equal to ¢>’, the above equation can be written:

E-=c’Vcos¢>' (B19)

2.3 Power of External Loads

The power of extemal loads P, is composed of the power of PT of the retaining pressure 6T, the

power of PS of the surcharge o,, and the power P, of the soil weight X 2

P, = PT-+ PS + P, (B20)

Each component of P, ca.n be determined separately.

P7-= cTVc0S aA
E

PS (- cr_,.VSin aA'
ZI

P, ( — *y;‘;,)(VcE)dV= yVsin 6xVb
B
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After using equations (B5), (B8), (B16), these expressions become:

rrl)2
PT:-TCOS(XRAGTV2

RZR R6,=%2sI¤6sIn 24>·%„,V (B22)

D2 sin RD 3R,=%,—jlR„,R,[1—(—‘?g) JYDV — (B23)

and equation (B20) can be rewritten:

..62 . . 6666 Sin . RZP, sin a sm cos (B24)R6 R6

2.4 Dissipation Power

The dissipation power associated with mechanism MI is:

R jf dP" d2 B25V
_

B dz ( )

·

,

with E- defined by equatxon (B 19). Therefore:

PV = c' Vcos ¢>'S,

After substituting equation (B17) for S, in this equation, the expression of PV becomes:
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2 R2 R2
1¤,,=%RCR,[1 —2COS2¢'l&Ha*J2'5'fi']ClV (626)

R6

2.5 Upper Bound Theorem

The upper bound solutions associated with mechanism MI are found by writing the inequality

(7.3.1), with P, and P,. defined in equations (B24) and (B26).

. , RE/<2 «. UT i Rä 2 RÄRÄ

lf we introduce the unconfined compression strength of the soil, 6, (equation (7.1.2)), and the

Rankine earth pressure coefiicients, KA, K, (equations (7.1.3) and (7.1.4)), the above relation can

be rearranged in the fomi:

ds VD UT
(B27)

where N, and N, are equal to:

iv = ———;——— E2- im 2 (628)’
cos(2qS') — cos(2a) RE

Ra
N,=lRB[1--2-]tan(z (B29)3 Rg

The best upper bound solution for MI is obtained by choosing a such that N, and N, are maximum.

Expressions (B27) through (B29) actually apply to cases where failure reaches the ground surface,

i.e. for depth ratios C/D such that:
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C sin Za (B30)

lf C/D is larger than — I] expression (B27) remains valid, provided RD is set to zero

in equations (B28) and (B29).

3.0 Derivation of the Upper Bound Solutions Associated

with Mechanism MI]

3.1 Geometrie Properties

Mechanism I\/III is shown in figure B2. As in Section 2.0, geometric quantities to be used in

the derivation of upper bound solutions will be determined first. Two cones will be considered,

C, (apex Q,, axis A, ) which base 2, is in the same plane as the tunnel face, and C, (apex 9,, axis

A,) which base 2,, is in plane (1:), i.e. at the intersection of C, with C, (figure B2). C, and C, have

the same geometric properties. The mechanism involves the motion of two blocks, B, and B,. B,

corresponds to the portion of C, located below plane (1:) and B, is the portion of C, located below

the ground surface. Four coordinate systems wiH be referred to, (O, x, y, z), attached to the tunnel,

(Q,,X,, Y,,Z,), attached to C,, (Q,,X,, Y,,Z,), attached to C,, and (B, x', y’,z’) associated with

planes (1:) and (1:').

The following coordinate transformations will be used:

X, = x (B3la)
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Y,=%sinatan«i>'—ycosa+zsir1a (831b)

2,:%%-),516,,-2665,, (6316)

X, = x' (83261)

_ D cos(a + ¢>') sin ¢»' cos ß I
_I’,-

2 $,,,,,;-,-,,,,),:05,,),
—y S1.!1ß—Z'CO5ß (832b)

_ D cos(a + 4S') _ cos ¢>' , _
Z,-

2 5,:,,,;+,,,,) smß +y cosß—z’s1nß (8326)

where a is the angle of A, to the horizontal, and ß is defined by the relation:

2ß — ,1 = E- (833)2

The heights h, of C, and /1,, of C, are:

cos(«1 — ¢>') cos(a + da')
h, - D Sin 2,,,, (834)

Si¤(ß — ¢>’) ¤<>S(<¤
+‘¢')

he — D 5,,, 2,,8, _ (835)

The intersection of C, with the tunnel face is an ellipse, 2, (figure B2), which semi-axis lengths are:

,1, = lg (636,,)

1
_ D [cos(a — qö') cos(a + ¢>')]Tb, - 2 COS 2, (836b)

The area A, of Z, is:
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1
_ ,,D2 [cos(a — ¢>') cos(a + ¢>')]2

Al
_

4 cos ¢>' (B3?)

The intersection 2,, of C, with plane (vr) is also an ellipse (figure B2), with semi-axis lengths equal

to:

__D cos(a + ¢')a,, - 2 Simß + 4),) (B38a)

D cos(a + da') sin(ß — ¢>') Lb =—..—i .....1‘2
2 cos

¢>’
|: sin(ß +

d>’) 2 (83%)

The area A,, of 2,, is:

2 2 1 ·
_ 1¢> DÄ (E39)

ES¤¤(ß +
¢’)] 2

The intersection 2, of C, with the ground surface is a circle of radius r,:

_ D- sin ß cos a
<
E

>
Ir,- 2 Ii-1-—-iSm¢,sm(ß+¢,) D +1 ]:g4> (B40)

Its area is:

2- 2 sind>'sin(ß+¢>') D
g ( )

Since B, is constructed by removing a cone identical to C, from C,, its volume IQ, „ and its lat-

eral surface 5,,, are equal to:

Vb, = V, — V2 (B42)

Sb, = S, - S, (B43)
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where V,, V2 (resp. 5,, 52) are the volumes (resp. lateral areas) of cones, C,, C2. An expression of

V,, V2, 5,, 52 is found, using the same method as in Section 2.0:

V=,,.D cosa— cosa_+ 23 [ ( ¢')(I
12 cos

d>’
sin

2¢>’ ([344)

3 c0s3(a +
¢>’)

sin(ß — ¢’)
i

V = .i........?_ .l...2 12 cos
¢>’

sin
2¢»’

sir1(ß +
¢•’) 2 (B45)

1
_ ,,D2 [cos(a — d>') cos(a + ¢>’)]T5* ' 4 °°$ °‘

sm ¢>' cos 4u (846)

2 . 2 b . _b4

sm¢> cos¢ _
I -Esmtß + d> I] 2

The volume Vbz and the lateral area Sb: of block B2 are determined by writing:

Vb: = V2 - V3 (B48)

5,,2 = 52 - 53 (B49)

where V2, S2 are given in equations (B45) and (B47), and Vb, 5, are respectively equal to the volume

and lateral area of the portion of C2 located above ground:

2 I2 2 sin 4S' sin(ß + d>') D
g

2 si.n
¢>’

sin ß cos a 2C 2S=•1L*lL—llä?;•%———7•— —·+l BSI3 4 cos2qS' S¤¤d>S¤¤(ß+d>) ( D ) ( )

It is convenient to introduce the following ratios:
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1
[c0s(a — (ß') c0s(a +

¢>’)]?
RA

—cos(1z — ¢>’)
cos(a +

¢’)
RE — Sm 23, (663)

_ c0s(a + da') sin(ß — da') L
RC-

cos
¢>’

sin(ß + qß')
2 (854)

sin ßR = ··· BSSD S¤1¢>Sm(ß+¢>) ( )

2 I_ cos qö — gg _ IEE EC E 5*** 6 (E56)

Using these coeßicients, [Q1, $,1, V,z, $,2 can bc written in a simplitied form:

_ A65 ws d>’
3VE, —

T [RARE —l2
Sm 3, Rc] (857)

6* ,
)RCRD]V

=
„D3 cos

¢’
R3 3 (859)D2 12 2 sin ¢>' C

2 Cosldy sin ¢>' c0s(a + ¢>') D

2E:‘
4 6 E ,052,,) 363 .6 cos(a + E') 6
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3.2 Velocity Field

The two blocks B, and B, remain undeformed during motion. The velocity Z, of B,, and the

velocity Z, of B, both act along the block's axis:

n
Z1 = Vigz, (E61)

Z2 = Vzgz, (E62)

Since Z, and Z, are different, a discontinuity in velocities occurs at the intersection 2,, of the two

cones, and a relative velocity V,, between B, and B, must be introduced (figure B3). The angle

between Z,, and the discontinuity surface 2,, is equal to ¢•' (condition 7.2.1). This irnplies the

following relations between V,, V,, IQ,:

Si¤(ß +
¢’)

V V B63I Sm(ß _ (#1) 2 ( )

V V B64‘2
Smtß — ¢>') 2 ( )

Plastic energy can be dissipated along the lateral area of C, and C,, and along 2,,. On all three

surfaces, the dissipation power per unit area is (see Section 2.2):

dP
= c' Vcos da' (B65)

with V= V, on C,, V= V, on C,, and V= V,, on 2,,.
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3.3 Power of External Loads

The power of extemal loads, P, is equal to:

P, = PT + PS + P, (B66)

with PT, PS, P, defined as in Section 2.3:

PT= (— cos aA!
I —•

-h

PS GSVZAZ

P, (— (— y V, sin a Vb, + y V2 Vb,
B1 B2

After substituting equations (B37), (B4l), (B57), (B59), (B63) for A,, A2, Vbl, IQ2, V,, these ex-

pressions become:

D2 cos a cos2(a +
¢>’)

R
PT=°%_ll?—%°TV2 (B6'?)

cos d> RC

_ „02 s1¤2¢’ <=<>S2¢>' RE 2C 2PS T
4 sin 4>' cos(a +

¢>’)
D

GS V2 (B68)

P,4
3 cos dy RC Zsmqö sxn(ß+¢>)

+
¢>’)

D

2 sm ¢>' cos (a + ¢>’)
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and equation (B66) can be written:

P =
mz ¤¤S2(¤= + ¢>’> RE 6 _ cos 4 R 68 4 cos2¢>' cos2(a + da')

S
Rg A T

R R * * Rz
+ sind A28 + cos «·cos’qS‘coS(ß +,¢>) RC_ E2 Q V2 (870)

RC 3S¤¤¢ SI¤(ß+¢) 2Si.1’1¢'COS(t1+¢') 3

3.4 Dissipation Power

The dissipation power associated with MH can be decomposed into:

(B7!)

where PW is the contribution of B,, P2), the contribution of B2, and Puy the contribution of 2,,:

dpv , ,c V} cos¢> S8!
dpv „ .di'. = c V2 cos d: $82

I2 = *‘ = C 12 CCS I2P
Hi dpv

d2 'V 4>'AV
E12 dz

Using equations (B39), (B58), (B60), (B63) and (B64), these expressions can be written:

2 2 1 R RR, = — cos(a + 4)*)l 6 cos 4)* V2 (mz)V 4 cos
¢>’ Sm ¢ RC Rc

2 2 1 21p2

cos dy;/2 (B7;)V 4 44,524; ¤¤S(¤= + ¢> ) san 4)* ws (a + 4)*)
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2 cos2(a +
¢•’)

2 cos ß sin 2«i>' cos(a + rb') R2
P 1 1 r12;, 4 cosztßl Smß RC

c cos ¢> D2 (B74)

Substituting equations (B72), (B73), (B74) for PW, Pzv, Puy in equation (B7l) leads to:

1:D2 cos cz RA Rg

cos d>' Sm ¢ RC sm
¢’

cos (a +
¢>’)

3.5 Upper Bound Theorem

The upper bound solutions associated with MII are obtained by substituting equations (B70)

and (B75) for P, and P,. in relation (7.3.1):

2
Rg US _ cosza RAGT + Sina RA?8 +

¢¤S RC_
RC RC 2S¤¤¢> S¤¤<ß+¢) zsm ¢>'cos (..+4,) 3

R R2
·S cos aRC

cos (a + da') tan ¢’

As in Section 2.5, a simplified expression is found after introduction of the unconfmed compression

strength 6,, and the passive earth pressure coeflicient K,:

ßs VD Gr
N_g[(Kp— I)E—+ 1);+1 (B76)

The weighting coefiicients NS, VV, are in this case equal to:

. _ , R;

NScos a cos
¢>’ $m(ß +

¢’) RA
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I I ’ _ [ 3

N, = l an AR, + ———————°°.S
””

,°‘?“ß
‘“ ‘l’

l Ä - —ÄS?"(ß",’
Ä um)3 2smd> S1I1(ß+¢) RA 2Sin¢lcOSacOS2¢· sin(ß+¢) RA

The best upper bound associated with MII is found by choosing a such that NS and N, are maxi-

mum. Relation (B76) only applies if failure reaches the ground surface, i.e. if

cos(a +
¢•') sin(ß — ¢’)

D
S

2 sin
¢>’

sin(ß + ¢>')
(B79)

For deeper tunnels, expression (B76) is still valid, provided RE is set to zero in equations (B77) and

(B78).
I

4.0 Derivation of the Upper Bound Solutions Associated

with Mechanism A/III]

4.1 Geometric Properties

The mechanism is show in figure B4. As in sections 2.0 and 3.0, the first step, in the derivation

of the upper bound solution associated with MIII, is to determine a few geometric quantities.

Two cones, C and C' are considered. Both have the same apex Q, and axis A. The moving

block B corresponds to cone C less cone C' . B intersects the tunnel face along an ellipse, E' (base

of cone C'), and the ground surface along another ellipse, E (base of cone C).
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Two coordinate systems are used: (0, x, y, z) associated with the tunnel, and (Q, X, Y, Z) asso-

ciated with the cones. Transformations between the two systems are determined by the following

set of equations:

X= x (880)

Y D . , .=3—smatan¢ +ycosa—zs111a (881)

Z=-Q-+ysina+zcosa (882)2 tan
¢>’

The height h of cone C and the height h' of cone C" are equal to:

sin Za + Pi sta z4>'
h = P- (883)

2 sm
2¢•’

I cos(a + eb') cos(a — ¢>')
h - D

Sin
245, (884)

The equation of the volumes C and C' with respect to coordinate system (Q, X, Y, Z) is:

x2 + YZ = tan2¢>'Z2 (885)

The semi-axis lengths of ellipse E are:

‘D sIaza+%ataz4»· . B6(8)

D sin Za + gg- sin z4>·
b2

cos ¢>'[ sin(a — 4S') sin(a + ¢»’)]T

The semi-axis lengths of ellipse Z' are:
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, DG = (838)

cosa— ’ cosa+ ’ 2[ < ¢ 1 < ¢» nl
b - 2 cos ¢>’

(889)

Equations (B86) through (B89) allow to determine the area A of Z and the area A' of Z':

D2 (sin Za sin 2d>')2
A = *7%* (90)

4 cos
¢>’[

sin(a — ¢>’)
sin(a + ¢>')]7

D2 [cos(a + ¢>') cos(a — ¢>’)]%A' = ********· (90cos ¢>

The volume V, and lateral area S, of block B are defined as:

V, = V — V' (B92)

S, = S — S' (893)

where V and S (resp. V', S') are the volume and lateral area of cone C (resp. C'):

D2 [%sir12a+%sirx2¢>’]3
V = (B94)

sin 2¢•' cos «,{>’[ sin(a -
¢•') sin(a + ¢>’)]2

1 - 2H - ,

S _ „1>2 . (Smm + ¢»'> si¤<a — ¢»'>1? Sm 2* + T Sm 2¢’
B95—

4
Sma

sin d>'cos qS’ cos 2¢>' —cos 2a ( )

VI =
„D cos a — cos a + 2 896

3 ( ( ¢>') ( ¢>')]l
12 sin 2d>'cos

¢>’ ( )
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1
I _ ,,-D2 (cos(e: +

¢>’)
cos(e: — ¢>’)]TS —

4 cos av Sm dy cos fb, (B97)

The expressions for S and S' are derived from complex integration.

Equations (B90) and (B9l) can be put in a simplified form, by introducing the following ratios:

L
RA = cos e:[ cos(e: +

¢>’)
cos(e: — ¢’)]

2 (B98)

L
RB = Sin al; sin(a + ¢') sirI(a — ¢>')] 2 (B99)

sin 2e: + (2C/D +1) sin 2¢>'R¤·—‘6;;3‘ <B‘°°>

The expression for A, A', V,, S, then become:

A "D2 R”Rb 6101_
4 sin e: cos ¢>'

( )

, _ 1rD2 RA
A - 4 sinacos d>"

(B102)

1:Db I R6Ré 3 ( RA
il

"" 0Vb 12 sin 2¢' cos ¢>' sine: °°S°‘ (BI 3)

_ 11·D2 RBRZ; — R, 4Sb-
12 sin ¢'cos qS'

(B10 )
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4.2 Velocity Field

The velocity of block B is:

Z= VE} (6106)

Since this is a rigid body motion, plastic energy can only be dissipated along the lateral surface of

B; the dissipation power per unit area is equal to:

dP" 6 V · 6106dz
— ws 4> ( >

4.3 Power of External Loads

The power of extemal loads, P, can be written:

P,=PT+ PS+P, (B107)

with PT, Ps, P, defined as in section 2.3:

PT: H (6TéQ)( VZZ)61: = 6TVc6s 6.4·
EI

PS = ( - = — aSVsin aA
1:

P, = ( - yE;,)(V?Z)dZ = — yVsin ctVb
6

After substituting equations (B 101), (B 102), and (B 103) for A, A' and V,,, these expressions become:
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2 R*’T=%;’ä·*rV
<ß‘°8>

(BIO9)

R R R>’
—1—,„;,,>

Py=—TSmayDV (BHO)

ar1d equation (B10?) can be written:

R6Rc 3 RA
_„02 RARÄ RA 1 . (sirr1z)—(C°$°')

P‘—
4 cos

¢>’ ds-R
cos

d>’ GT
3

sma
sin2¢' cos ¢>'

VD V (BH1)

4.4 Dissipation Power

The plastic power dissipated in mechanism MIII is derived from the expression (Bl06) for

.

1* dP" ·V wsy-
B dz

— C COS b

After substituting equation (BIO4) for 8,, this relation becomes:

-ü 2 _ L1;.1*,,- 4 [RBRC RA] Sm 4,, (Bll2)
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4.5 Upper Bound Theorem

The upper bound solutions associated with MIII are found by writing relation (7.3.1) with P,

and PV defined as in (B11l) and (B1l2).

_ 2 ds Gr 1 sind RßRc 2 ( RA )2 vD 2 6RBRC cos ¢•' + RA
cos

¢>’
3 sin sin a ) °°$ A cos qS’ S (RBRC - RA)

sin ¢>'

This inequality can be rearranged into the form:

V ds VD
(ßllß)

where 6, is the unconfrned compression strength of the soil, K, its passive earth pressure coefficient,

and NS and N, are defined as:

R R2
NS = LE. (B1 14)RA

· R R R
= Sma B C 3 _ A J~y 3RAsin2¢>' [( .1...) (cm )l <ß¤·5>

The best upper bound is found by choosing a such that NS and N, are minimum. Since failure

always reaches the ground surface, with mechanism MIII, expression (Bl 13) is valid for all values

of C/D.
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Appendix C. GROUND MOVEMENTS

OBSERVED ON SECTION F3 OF THE

WASHINGTON METRO

1.0 Introduction

Section F3 of the Washington Metro is located in the southeastem part of the District of

Columbia, on the north bank of the Anacostia River. lt includes the Navy Yard Station and is

divided in three contracts: F3a, F3b, F3c. The F3b contract corresponds to the Navy Yard metro

station, and was built using braced excavation techniques. Shield tunneling was used on the two

other subcontracts. This appendix presents the results of measurements and observations made

during the construction of contracts F3a and F3c.
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2.0 The F3a Project

The F3a tunnels run under M Street, west of the Navy Yard station. An approximate soil

profile along the alignment is shown in figure Cl. Some of the details related to the soil

stratification have been ornitted for simplification purposes. A number of underground utilities are

present, including a l.1m diameter sewer at station 97+ 05, a 0.64m diameter steam line at station

100 + 63, and a 0.92m diameter sewer parallel to the tunnel route and located near elevation 0. The

project consists of twin tunnels excavated from east to west around elevation -10m, a vent shaft at

station 94+ 20, and a fan shaft at station 107+ 05. During construction, ground settlements were

monitored using shallow and deep settlement indicators, and shield operation parameters were re-

corded after each shove for a liner ring. ln addition, three inclinometers were installed between

stations 101 + 00 and 108 + 00 and readings of lateral displacements were made when the shield was

approaching and during the excavation of the fan shaft.

Vertical monitoring devices along the route included deep settlement indicators, SD, shallow

settlement indicators, SS, deep benchmarks, DM, and street markers, SM. Displacements during

construction were measured using surveying equipment. Deep indicators were either cast in the

ground between elevations -4.5 and -6.0m, i.e. just above the tunnel crown, or set up on top of

utilities. Shallow indicators were installed undemeath the ground surface. Both SD and SS pro-

vided direct information on ground movements due to tunneling; the DM served as a reference for

other instruments and the SM were used to monitor the movements of structures such as buildings

and street pavements. Settlement indicators were checked on a daily basis, when the shield was in

the neighborhood of the instrumented line, and measurements taken for displacements in excess

of a threshold value in the order of 0.3cm.
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The maximum displacements recorded on indicators SD and SS are plotted on figures C2

through C5. The data show that at a number of selected locations large settlements (over 20cm)

occurred panicularly during tunneling of the I.B. tunnel. ln fact, several street collapses were in- '

duced over the I.B. tunnel. As a result, chemical grouting was carried out before tunneling for the

outbound (O.B.) tube to stabilize the ground in critical areas. This procedure reduced the amount

g
i

of surface settlements generated by tunneling, as can be concluded from the comparison of figures

C3 and C5. However, the maximum settlements (figure C4) at depth were in the same range as

those induced by the I.B. drive (figure C2). On two indicators, the displacements were even larger

for the O.B. drive than any movement recorded during the construction of the I.B. tunnel: 44.2cm

on SD-97C, 39.6cm on SD-98C. These instruments are located on the 0.92m sewer line, near sta·

tion 101+ 00. They had settled a moderate amount during the I.B. drive. The cumulative dis-

placements after completion of the two tunnels (45. lcm on SD-97C, 41.4cm on SD-98C) are about

twice as large as the maximum settlements induced on the other instruments by the construction

of one tunnel.

Figures C6 through C9 show envelopes of maximum settlements measured along the centerline

of each tunnel. Only data from instruments installed out of the area of influence of utilities are

considered. The large settlements observed at station 114+ 00 during the I.B. drive have also been

ornitted. At this location, the construction of the underpass for South Capitol Street several years

before tunneling had produced a considerable amount of disturbance in the surrounding soils; it is

believed that the displacements recorded at station 114+ 00 reflect more the detrirnental effects of

previous construction than the influence of ground conditions during tunneling and are disregarded

in the present analysis. Figures C6 and C7 refer to the construction of the I.B. tunnel. They show

a marked difference in the settlement pattem between the sections of the project located east and

west of station 109+ 00. For station numbers larger than 109+ 00, deep settlements could be kept

under 5cm and surface settlements under 2cm. West of station 109+ 00, deep settlements close to

20cm and surface settlements in excess of 10cm were recorded. Station 1094+ 00 is important since

it represents the limit for the presence ofT5 sands at the crown of the excavated profile (figure C10).
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The comparison of figures C6, C7 and C10 suggests that there is a definite relationship between the

magiitude of ground movements measured along the I.B. centerline and the thickness of the T5

sand layer in the upper part of the tunnel face. These remarks also apply to the 0.B. drive (figures

C8 and C9); in this case, however, the use of chemical grouting before turmeling apparently helped

keep surface settlements under 5cm along the whole project.

A complete picture of ground movements induced by tunneling is difficult to obtain, since the

instrumentation was primarily intended to provide warnings for potential damages and the settle-

ment indicators were usually read on a daily basis, which is not frequent enough to define tunneling

response precisely. The deep settlements on the centerline, measured on four stations during the

I.B. drive, are plotted on figures C11 to C14, as a function of the arrival time of shield face under

the indicator. In all four cases, settlements started a few days before the shield arrived, reached a

plateau over the machine, and increased significantly behind the shield tail. At station 113+ 90

(indicator SD-33A) construction was sufficiently slow to allow a tentative relationship to be estab-

lished between the measured settlements and the distance of instrumentation to tunnel face (figure

C15): ground movements started one diameter before the tunnel face and reached a constant value

at about two diameters behind the shield tail; about 40% of the total displacement was apparently

due to face intake and the other 60% induced by tail void closure.

The data presented on figures C2 through C9 and C10 through C15 do not reflect some of the

large displacements associated with ground failures. A map of observed failure zones during con-

struction is presented on figure C16. It shows that most of the darnages occurred near station

100+ 00, where the amount of T5 sands at the tunnel crown is the largest (figure C10).

Shield operation parameters included muck counts, shove pressures, earth pressures and water

pressures in the confining chamber, cutter speeds and shove times. Muck counts, shove pressures

and measured earth pressures are considered the most relevant to ground behavior, and they are

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 421



sv gg
>

ä
+ O

- Z 5
5 ä 5 E

C 3 ¢ Q+ _ E
•<

: . 6
O U)+ 2 : <> 5 5E 2 5 2

+ é O O u.1
3

In gg
+

(dä

1* 0
+ a 1* E

cn

¤¤ E E
O+ ·· B 5

O5 E E
#21 8 3

E
K

ä 1* Z 3
m C Ö<r Oc ·— %

-2* 1* Zu
tbC5 O

Ö —
g E

+ 1- ä,
+

’5 §

O
+ 1-·

(D
O

+ 2:- O) .9
u.

+
CO
O)

<'
G)

O LD O ID
' 1- 1-u •

(wo)

C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON~' 422



0
E$.9 0

-
"' Q‘”‘

Q E «»+ E 5 i £
Q Q ¤. ä

+ :,2 * O Q Q
5 n Q) GI U

+ > ? E IZ 2O O LU ä2 Q + I O 2
,. E

+ ss Y' ,9
_ ä°‘

Q a. E
+ 9*

(D
EE =+ U

8 ¤ 5*· Z
C s2 -9 9+ .· 1- E .c·—· ‘£

2 cw
U)

I2O 0
+

*‘
Q.
2

+ ^ g

O LE+
‘_

E
O

2 0
3 5

+
<DO)

<r
G5

O IO O LOI 1- 1-
I I

(LUO) lUSLU6|I|.lGS

Appcndix C. GROUND MOVEMENTS OBSERVED ON SEC'I'ION F3 OF TIIE WASHINGTON
METRO 423



+
E + Q

Z9
E Q ¤

. 9 rs 9
¤i Q 8. §E — O

Q N O)
> S E IZ EQ 3O O LU Q

9 H + l c"
:

S
•·•

1* C.Q <¤
E E ä

+ g 3
°ß 1- Z E

+ U
ws C g· g .9 2

7* +665

9
N

L

+ " LQ
8O o

9 S
LE

¤¤ 8G) 0
5
.9*

CD

<!'
¤>

O LO O ID
'

1- 1-
I I

(wo) 1ua1,ua|14a3

Appcndix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 424



2 .§
1-_ O:2 3c

5 11- Q
E *· E <¤

· Q 0 SE -
Q_ O,

ä
-‘

O O g“-
s- E N ‘:

S 2 E 2 3O O LU F U
0s N + I O
mj

4 IZ S
0
E

ä
Q g äO Q) 0
" .¤ §

E >O
S 3 E
*· Z E

3
+ C Eg .9 <¤-•—•I4 1-N

cn E
+

*‘
E
0
Q.O o

. O 'ö
"

>C
LU

g 8
B 0n.

u.

W
G)

O LO O LO
' 1- 1-

I I

(UJG) l|.JSLUS|I|,Z|,6S

Appcndix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 425



L? ? ? ? L? L? ? ? ? ? ?
E

8 8 8 E 8 8 9 8 8 9 °

2 2‘
2 Q
" c

Ä · E
S>•

Y
g

§ E‘¤
ä"' en‘O

<1>aa8
8 8 -9 "’

LL LL ¤¤ E ä'
F °ö °°ö if o 3 ä

L;
.,_ O oz

Öcu Tu = pi „.
I I tß O C OL L I L- o g/ GJ G) *- E en¤. ¤. <1> L5 g¤. ¤. Q -L-L 5: D _, UJ 2E E 5 E

/ E E 2 ä E
cn cn O 3 äIn C'! *' "I- I-0.ß
E ”Ö IIÖ O

"
“

? ? ? §""‘° 9u.I I I 2
1 I $

¤>
? L? ? ? ? L? L? ? L? ?o o o o Q o o o o o o

v- GI (Ü ILD (D N @ Ö) O

S.|8ÄQ"| |IOS IO SSGU)1OILI_|_ 8I\Il€|8};| Q

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 426



O)

2
EC) ·LO E

+ ¤~ ¤>
oo 5
ouC

sS <> Q
cä E Q-•-• (DU) U) 5

.3

Q 2P, Q
Q S

.... .. ,. gg

gl
I

S

*7*'O
I-

5 8E E
sa Q Q:

O
o
L
3
.9*u.

LD
I

I I I I I I I I I T- T-
‘-

T- 1-
I I I I I

(wo) 1ua•.u6p,1a3

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 427



°° 2·:
0 9
LO Q
+ o

C 07"* O P3* ä 2 3E .,., <n
U) cn _;

3
U3-= <*J 1}; E2 2C9, Q

GJ c
Q .....................,,...............,. ..

E
„.EQ

P C

ä
" U
' ¤>U

L-oo
ä

qv) cxi
I 7*

O
9J
.9*„ u.

ID
I

I I I I I I I I I I I I I

(Luo) 1ua1.u6|11a5

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF TIIE WASHINGTON
METRO 428



CD* 2·:_ 0 .. Q
LD 9
'I" 0
1- N 5
1- UI

<
“ 3

1- C Q

·> 2 „„ 20 ¤ °QiCD

(I) *6
ä
Ü2 <'> ix? S

..

SGJ 1- E <»'* I- E.C8

s T U0
Eoo0
L:

2 *9 Q
O
E31 Qu.

*9
Y N 9 N Y *9 °9 9 N Y *9 9 9 N
°<><3<?<?<?<?*r*?*?*r*?*>*<>*

Appcndix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTONMETRO 429



G) 0_>

5E 5
Z;
Ol_c

Q

I
E3
Q

O cn
'Og;

ESug
(U00

O Y E ca
CO -— 0 cI *·' E O
Q 05 E .- „—•—•

" I., ECD Ü) 0
................E ........................... ........ é

E
8

6
0
I-3
.9*u.

¤ *9

Y
° Y 9* *9 Y *9

arääräig C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
· 430



co

CJ
O) E

+:0 .§
I *" I 5 ¤1“

.*.4 ·<f g I<r(Ü
O I 0or) .- I E 5

'
I6 I U)

CD (D I E 3
I I3 2
I I

I U
2 .......,...................,.. ................... .......,...........................,.,......,.I IO

8* I
I ¤> I E 8E I LEI

1%
I I (Q E
' ' LL 02 I 2 9 I E 28

Q) Q) I ‘
(D 3 I Q CD

I U) I Q U

S ä I S 2 I ,2 2
E I U I O E

E I
IE

IGJ
I G)

I
I

E G5 I ILL III
(U I L

°* I I- I ‘*
<:-

9 *7 N **0 ‘*Z
*·0 *0 N *0 °? 99 9 9 9 9 9 9 9 9 9 ‘T

GTIIE/\ U..II°Il.UIXB|/\| O], IDSZIIQLUJON ],UGI.US|llSS

Appcndix c. GROUND MovEMENTs OBSERVED ON sI;cT1oN F3 OF THE WASHINGTONMETRO 431



plotted on figures C17. C 18, and C19, respectively. The data shown on these figures were averaged

every 9 record, i.e. every 1lm to reduce the amount of scatter found on the original data.

Muck counts provide an estimate of the excavated volume of ground. The distributions of

muck counts on the 1.B. and O.B. drives are similar, but a few differences occurred: (1) muck

counts recorded between stations 96+ 00 and 109 + 00 are lower for the O.B. drive than for the 1.B.

drive; (2) the same observation applies to the section of the project located between stations

113+ 50 and 115+ 50; and (3) high muck counts were recorded during the 0.B. drive, between

stations 115+ 50 and 117+ 00 (figure C17). The considerable amounts of soil removed east of

station 115+ 50 can be related to difficulties experienced in tunneling near the excavation for the

Navy Yard station; they were followed by large deep settlements over the tunnel crown (figure C8).

Where lower muck counts were recorded for the O.B. drive than for the I.B. drive represent areas

where gravelly sands were present in the upper half of the tunnel face and underlain with stiffer

materials (figure C1). The differences observed between the data collected on the 1.B. and the O.B.

tunnels could be seen as a consequence of irnproved construction methods in the latter case. lm-

provements such as chernical grouting before tunneling were, however, only carried out between

stations 94+ 50 and 100+ 50; in this area, the muck counts for the I.B. drive and the O.B. drive

are almost identical.

Another peculiarity of the distributions presented in figure C17 is the peak in muck counts,

observed for both the 1.B. and the O.B. tunnels around station 109 + 50. ln this area, the excavated

profile consisted of uniform Pl clay, and no excessive settlement was recorded during construction

(figures C6 through C9). During part of the l.B. drive, both muck counts and weight of excavated

soil were measured; this allowed tentative correlations between excavated volume of soil and muck

counts (Table Cl). The volume of muck per car derived from these correlations is significantly

smaller for the P1 clay than for the other materials encountered during excavation. The large

amounts of muck removed around station 109 + 50 must, therefore, be related to the nature of the

P1 clay, a.nd do not necessarily reflect ground losses during excavation. The volumes computed in

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 432



I 5 Q
5 5 c>
5 5 +
5 5 LO
5 5 O
5 v- MS 169.IlS |QUBQ 52-
! 5 ··—

5 5 E2 2
R; 5 “$
Rg 5 €

E 52
5cn-•-«5 NÖ Caz 5 N Ean 5 N! 52.= 5 E 2*</J

I!. 3 3 §5 ää + O 5O E" 2 2
2 5 E E! ! 35 2 2

== *5
! I
5 5 é'

cn 5 5 '^ 2
-•-· 5 5 O
ä> “

3
5 5 +‘ 5 LO

IAppendixC. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 433



+ L s 0
L

+ 5 E 1-
+ E + "E -4+-

9 + ff G5 +· ,.. 09 „„ + '6
w

+ g
g ¤.

I N tu§+ 1- 0Eä- 1* L;
4*3 + ssLLLL

2 6ä “ 1* LL
+ äcc+ L

2 E §
5 +.3. G) Q F

+ ¤> .2 E 9E + _; — 0 3 -4:6 + ‘·
Q O BE + 1- Z Qa L uj 2i

'
C E+ "' O o+ ; Ü ¢> : OE + "' (U6 + ou ou 4.- 6L

j _§ E N U) g
; + 3 3 1- Q)1+ G 0 §l

J 0 2+ sz +G+
" —6* °+ 2+ °° :.¤5 O) E

, +
'¢cu

O O) ® N (O LO ¢ C') C\| 1- O1- „
(SJQQ) S1UI'1OQ )1OV1|/\|

Appandax c. GROUND Movsmzms ossznvm ow sacnon F3 or mr; wAs1~u~cro~mmzo 434



„ / ’
7*

„ \ \ >V,*‘ .13Y—
.

t 'Ä N

··(" f E
/s- CN] Q1‘

, ···
/’”‘

62c>z 1,: Eä
g

-
c?

’> GJ ca
zu .¤ .¤L cx Q) > E 3

z / _2 .:
{D

3
O

g Q O QI Q _ "' Z 5
U)[

(II ~=r g ä. Q Q -— CL<\ — *‘ E ¤>,‘
CD CD

-•-o -C
N ff}

,• J 3 3 1- Q)' “'
Q 0 g

z - g Ü:,· -
’

'
** 9

~ L _ I 9:‘
>.- - co

“

··
’ Q 5*x Q , LL

. \ co,
- ¤>i

<-cu
C\| 1·· 1- 1- 1- 1- 1- 1- 1- 1- 1-

SSJT]SSG.Id G/\Ol.]S

Appcndix c. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTONMETRO 435



~„\\ S2
Öä 7*

i ‘
*6

ff %,- ‘" It
x N E
\\ 1- 0—·-_______,_s 1- Et=:i——o

2 o H-
-. 1* 07

\ co\/ o äeg
T—

¤> \ Q2
¤> .2 I 5*5

-
/ <¤ jü

-
O InQ _ \I ··Zg

- ED :3E ' <r OS
/ 7*..öm

E) 2) l~ "'”§
•: •:-•¤•">

O Q3 3 r"' ~— crO O < E
= g

. \ Q <

I
I J o .

s " $."
l /\ O

¤>\x
ä 5‘

I?
I
( cexs °’

<rca
oooooooooooocooocoooo
(\|1-1-1-1-1·-1-1-1-1-1-

(ecpi) sa1nsse1; que;

Appcndix c. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTONMETRO 436



table Cl were used to estimate the amount of overexcavation for different sections of the project;

because of the assumptions that had to be made and the uncertainties regarding the actual volume

of muck per car, the volumes of overexcavation could only be approached within a few percent.

The results displayed in table C2, however, allow a few conclusions to be made: (1) little or no

overexcavation occurred on the O.B. drive; (2) during the 1.B. drive, large amounts of overexca-

vation (up to 30%) were recorded when T sands were present in the upper half of the tunnel face,

and the lower half consisted of stiffer materials such as P2 sands or P3 clays; (3) the same ground

losses were experienced ir1 areas of mixed sands of the T series; and (4) relatively good ground

control could be achieved in full Pl or P2 face conditions. Tables C1 and C2 also allow estirnation,

for several face conditions, of the muck counts associated with no overexcavation.

•
100% Sands of the T Series: 4.1 cars

•
40% T sands ~ 60% P2 or P3 materials = 4.8 cars

• 10% T sands - 90% P2 or P3 materials = 5.2 cars

• 100% P1 clay = 7.6 cars

• 100% P2 sands = 5.3 cars _

•
100% P3 clays = 5.3 cars

The shove pressures used during construction are shown in figure C18. They reflect the amount

of effort necessary to advance the shield, but cannot be considered as a direct estimate of the pro-

pulsion thrust, since this latter parameter also depends on the number of jacks used during each

shove. The data in figure C18 suggest a few trends: (1) shove pressures recorded on the 1.B. and

the O.B. drive follow a similar pattem; (2) they are lower between stations 105+ 00 and 110+ 00,

where the face consisted primarily of P1 or P3 clays, and higher in sandy materials; and (3) in the

Appendix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 437



um^

2°9 #e <w #2 ¤2 5gg.-, eo ~o <r 1~ »o..:<_g:,
c

>22:

E:°E ¤¤ ¤<e #2 ¤<e ¤=2 3,
'§B\ oo oo c oo cc ·v)__Z ·— -¤ PI •—•A-'Eä

3 II
>~L

='· *:1O e:A oV}1‘_‘
äU 30.2 NQÖÜ Ä mf Q Ns.

‘·· \C © Vx A
A

U•·'

-
A;

•-•

-· >-EZZ A -•
°°

e,.„: <.;.“=;=, oE S F3
I 2 5

c
E Z2 "a : 'H
g Z =s·> ,9 P' .6 J g
E 2556; E +"' U n. E= >°2 *2 ==2 q 5 5
° <Z:3„ 1~ V7 so m ..7} W
0 ev A

6 6
‘

-
—s-

2 E % #
¤ >„ +E >__ e~·'¤ 2 :~

E 2 = ° E
U c Ä

ä w ä E Eu — en =¤-: = . ·E Ä 2 E S2
ZI, en Q c : g +
: E · =¤ en „: 1~
S _: W >~• U

"‘ $
3 .·: ·^ E 'C '•: ‘

L vL5 E 2. I 8 „ E 2
= ,6 v2 g = 2 L EP ,1E \-I E" .

= m" gg 'U6 6 2 2 2 E 2 * QSza ev ° 5 ev "" .•:.‘
E L •-· @ LqU

:l „,
G U c2 : .9A ""

••
.:· N ..
E + + + 9* C-_
E : I\ l~ g U gg·‘*

.:1 Z Z .. -¤ cv G c c :: ·¤, => ... ... ..„ „_,
f °’° es- ¤· ·^ F .>U g x~ :~ cn E F
3 2 + + + -2- 5= c eo ¤~ so "_¤ A5- Q 2 2 Q 6

*1 * * Ö

Appcndix C. GROUND MOVEMENTS OBSERVED ON SECTION F3 OF THE WASHINGTON
METRO 438



{E { .

u>2*
2 O

agäqc; Q Q Q -

‘

ggg;.

. -1 Q
_

OASS

S S
_; S

>"g

9

A
~c

nu 1

.

Q ci Q Q -
6 gg 3 ·¤t

'

oo
*7 Q

'~•-•
V)

.
.

eq '

.

-DSG-\

G

__ ¢"7

V7
M M ·-

ä‘*

A co
°^

vv

•-Q . V7 Ä

E

— ·-·
0.,; qM Ü Ü

°‘ s.
3*

~<r
'

M

U o

ci
„„

—i-2 g

„,, · . c

:

L C vw ,,; S O

=¤ 3

•
UC

ud
.

Ü', g

3
:6:*,..

‘^ 0; *7
*1 >

6
28:

=*
LL :6

E

0 :6

0
_c:

>_gU

E
•-'=

.5.*
<ä-

Z ä

L

_
,,.0

o a:

3
E 9-T M O *1

Ü; E

°

I- V; VÖ
*9 5;

Q N

5

o
_d 1- 60

'¤ 6

U

0
S

_ 9 .

E

vi
<¤‘ §

‘*1

.5

rn E

5*
:0-*

‘-

m N

2
5;-g§g

¤ ..;

U

0 ·

0
S

> <
>E

0 ·
N

S

S,

Öl ·
N

=
Q:

.
gp

.
Q

S

vz
*9

V
‘':*

=
.„ . .6 "

> @6

5
·¤ mm ·¤ I

U gg

7
a5 . "°·¤ .:ä .6

-:6

A

C
•-ern

C

9
,¤ Q

***9 =¤Q ää 2 ·= 2 ,0

pg
€· “*B 9 ä

"S :"

:
¤> £ -

¤$
‘^M 7

6 "='°

U

E-nn I.- ·

$0
Kg 3 äx 33

— Q L- *2 35

‘··
"" SS

Névz
"Gw

(V3
.... L. än-

E

2 22

°=

2
S

•·‘ CO

Q ~··
2 2 Q 3 5 6..

-$ + Q
Q + Ü

“ Ü ää

6
6 «= Q 5 ~¤ + r E

0
=>

°‘ —- - 9. E vw J
“Q

0,
T E g 9 6

*-Iä

.ä 5 Q .2 5 ; 9 ;= 33,

. Ä + + +
c E

EE

,xPP¢ndix c_ GROU

-
Q ... L 5,*

‘ [HRG
ND “°VEMmT

" ° : S.

‘ SOBSERVED ONSECT*ONF3 OFTHEWAsm·~:
439



sections where more than 50% of sandy soils where present at the face, shove pressures were larger

for the 1.B. tunnel than for the O.B. tunnel.

Figure C 19 shows the earth pressure recorded in the conlining chamber during shield operation.

This parameter should be used with caution because of phenomena such as ground arching over

or clogging of the pressure cell that are likely to have affected its measurement. The distributions

for the I.B. and the O.B. tunnel are similar, with the I.B. earth pressures being consistently larger

than that recorded on the O.B. drive. They both present a peak with the same maximum value

between stations 110+ 00 and 111+ 50, where the face consisted of 50% of Tl clay and 50% of

P1 clay. The earth pressures measured during the I.B. drive are also equal to the 0.B. pressures

at two other locations: station 101 + 00 and station 114+ 00; this is where the maximum settlements

were measured during the construction of the I.B. tunnel.

Three inclinometers were installed on the F3a project.

• I-1, at station 101 +46, 6.70m south of the 0.B. tunnel

•
1-2, at station 102+ 91, 6.70m south of the O.B. tunnel

•
I-3, at station 107+ 45, between the two tunnels, 5.80 north of the O.B. tube.

The data collected at these locations are plotted on figures C20, C21, C22; only the measurements

in the direction perpendicular to the tunnel axis have been considered. The readings presented in

ligures C20 to C22 reflect the total displacements induced by tunneling and other construction

works carried out during the project. In particular, inclinometer I-3 was primarily installed to

monitor the ground movements generated by the excavation for the fan shaft and the measurements

shown in figure C22 could be affected by the shaft construction. To concentrate on the lateral

displacements due to tunneling, the data were replotted for each inclinometer and each tunnel drive

with the origin taken just before the shield arrived in the instrumented area. The results are dis-
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played in figures C23 and C24 for l~l, C25 and C26 for l-2, C27 and C28 for I-3. The three

inclinometers show similar displacement pattems: (1) tunneling does not produce much ground

motion at more than 3 diameters from the centerline (18m) but can generate lateral displacements

in the order of 1cm or more within 1 diarneter of the centerline; (2) the ground moves towards the

opening as the shield approaches; it is heaved away at about 20m in front of the face and moved

_ back to the tunnel once the shield face has passed the instrumented section; and (3) the final dis-

tribution of lateral movements with depth is irregular, with high displacements near the tunnel

crown and at ground surface and smaller or negative deflections in the area located over the tunnel

crown.

3.0 The F3c Project

The F3c tunnels connect the Navy Yard station to the F4 section. A simplified soil profile of

the project is shown in figure C29. The tunnel route runs at depths 13-28m and crosses various

soil layers, including clays, silty clays, clayey sands, and gravelly sands, Figure C30 provides a

schematic of the excavated profile along the project. Two areas of mixed face conditions occurred,

between stations 127+ 50 and 131+ 00, and between stations 138+ 00 and 145 + 00, with P1 clay

in the lower part of the face, and T5 or P2 sands in the upper part. The project consists of a double

tunnel, with access shaft provided from the F3b and F4 sections. The O.B. tunnel was excavated

first, from west to east. During construction, ground movements were monitored after each shove

for a new ring in sensitive areas, and shield operation parameters were continuously recorded.

The maximum settlements measured after tunneling are shown in figure C31 (deep settlement

indicators SD) and figure C32 (shallow settlement indicators SS), detailed information on the SD

indicators is provided in table C3. It is apparent from figures C31 and C32 that the instrumentation
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was concentrated in two areas, between stations 128 + 00 and 132+ 50, and between stations

138+ 50 and 142+ 50, where most of the utilities are present. Table C3 shows that the utilities

experienced little displacement as a result of tunneljng; in particular, the New Jersey Avenue sewer,

located 2m above the tunnel crown did not settle more than a few tenths of a centirneter. Ground

movements recorded on deep indicators were moderate except at four locations: SD-6 at station

128+ 87 (38.7cm), SD-7 at station 140+ 60 (9.0cm), SD-50 at station 129+ 95 (2.3cm), SD-51 at

station 129+ 05 (10.0cm). In most cases, the maximum tunneling settlement was reached about

17m (i.e. 3 diameters) behind the face; at SD-7, however, where a sinkhole developed in front of

the shield, settlements were concentrated lm before the shield face. Shallow settlements (figure

C32) could be kept under lcm.

Because of the relatively infrequent recording of ground movements, settlement development

with shield advance along the tunnel centerline could be drawn only at three locations: SD-6 (figure

C33), SD-51 (figure C34), SD·50 (figure C35), with the largest settlements by far occurring at SD-6

(up to 40cm). When normalized to the maximum value (figure C36), the three sets of records show

a similar pattem, with 50% of the settlement due to face intake, and the other 50% due to tail void

closure. The settlement curve for SD-50, however, is smoother than the two other plots, probably

because of the chemical grouting carried out in this area.

A number of ground failures were observed during construction on the F3c project. They all

took place between stations 139+00 and 144+00, where conditions at the face consisted of P2

sands in the upper half and P1 clay in the lower half (figure C37).

In each case, the collapsed zone was of limited extent in the horizontal directions but reached

the ground surface; large amounts of grout were necessary to fill the voids generated in the ground

after failure occurred (figure C38). In the other area of mixed face conditions (between stations

128 + 00 and 132 + 00), where T5 sands were present in the upper part of the excavated profile, large
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ground losses occurred, but generalized collapse was avoided by compaction grouting of the soil

over the tunnel crown (figure C38).

Shield operation records for the F3c project were averaged using the same method as described

for the F3a project. The results are shown in figures C39 through C44. Average muck counts

(figure C39) were in general higher than 7 cars per ring. As for F3a, larger muck count values were

recorded in areas with uniform clay conditions at the face, between stations 131 + 00 and 134+ 50.

The peak value (11 cars per ring) at station 143+ 50 can be related to equipment difficulties en-

countered in this part of the project (wearing tools and breaking wheel gate jacks). Ground losses

due to overexcavation were estimated (table C4), using the average car volumes derived for the F3a
i

project. Accordirrg to this analysis, the amount of overexcavation was significant on the F3c

project, regardless of soil conditions at the face, with ground losses in the order of 25%. No ground

failure or excessive settlement, however, was reported in areas where P1 clay was present in the

upper part of the face.

Average shove pressures are plotted in figure C40. As already observed on the F3a project,

lower values were measured in the P1 clay (stations 131+ 00 to 134+ 00) than in the P2 sands or

in areas of mixed face conditions. Shove pressures tended to increase as the tunnel got deeper

(stations 135+ 00 to 141+ 00). Earth pressures (figure C41) were almost constant along the F3c

section, except for two areas: between stations 129 + 00 and 131 + 00, and between stations 139 + 00

and 144 + 00. These are the areas where large settlements or massive failures occurred. Gate pres-

sures (figure C42) were almost always equal to 2.5MPa; a few peaks to 7-9 I\«1Pa were, however,

recorded after and before tunneling in the Pl clay, and in the area where ground failures were ob-

served.

The volumes of grout injected into the tail gap, behind the shield, are plotted in figure C43.

Based on a tail gap of 127mrn and a liner segment length of 1.235m, the theoretical void to be filled

with grout should be equal to 1.39m’ per ring. The volumes displayed in figure C43 are consist-
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ently larger than 1.39m} per ring except between stations 141 + 00 and 143+ 30, where mixed soils

were present at the face, with more than 70% of P2 sands in the upper part and P1 clay in the lower

part. These low values of ring grout were probably related to ground collapse in to the tail void.

Between stations 135 + 00 and 137 + 00, where face conditions consisted of P1 clay in the upper part

and P2 sands in the lower part, grout volumes were twice as large as the theoretical value. Because

of the stiffness of the P1 clay, it is unl.ikely that the ground around the liner was heaved by the

grouting pressure. It is therefore believed that the large amounts of grout measured in this area

were associated with overexcavation due to Variations in shield orientation.

Shield forces were estimated, based on the number and dimensions of jacks used and on the

shove pressures plotted in figure C40. The results are shown in figure C44, where tentative esti-

mates of the face force and of the lateral force along the shield are also plotted. Because of the linear

increase in shove pressures with depth noticed in figure C40, shield forces were divided by the tunnel

depth to help concentrate on the effects of soil conditions on shield forces. The thrusts per unit

depth (figure C45) were almost constant between stations 135+ 00 and 143+ 50 (where P2 sands

were present in all or part of the face), with an average value of 400 kN per meter of depth. The

amount of thrust necessary to advance the shield was lower than 400 kN/m in the Pl clay, but

significantly higher values were reached between station 127
+.

50 and 131 + 00, where T5 sands were

found at the tunnel crown.
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