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ABSTRACT 
 

While significant improvements have been made over the years in terms of tunnel 
construction in the USA, the substantial growth in passenger traffic, and the need for 
more efficient rapid transit systems in urban areas will involve a steady progress in the 
tunnel construction practices. In this report, an effort has been made to examine and 
evaluate the current tunnel construction technologies in three different mediums namely 
soil, rock and water. The construction technology in soil medium includes the New 
Austrian Tunneling Method (NATM) and Tunnel Boring Machine (TBM) method, the 
rock medium construction technologies include the Drilling and Blasting (D& B) method 
and TBM, and the water medium construction technologies include the shielded 
construction and immersed tunnel methods.  

The report discusses various support types for the stability of the tunnel face, both 
temporary and permanent methods, such as shotcreting and segmental lining. 
Furthermore, several case studies of various tunnel construction technologies have been 
examined and presented in a simple approach. Comparisons are drawn between diverse 
tunnel construction methods presenting their merits and de-merit which assists in 
analyzing and optimizing the suitable method to be adopted for a particular project. 

Safety is a prime concern in tunneling and therefore a chapter is dedicated 
completely to discuss the safety issues of relevance during and after the construction of 
tunnels. A table giving information about some tunneling contractors, tunneling 
consultants and tunneling machinery manufacturers helps to demonstrate the capabilities 
and services offered. A discussion of important projects undertaken by some 
consultancies and contractors, along with an examination of the products of equipment 
manufacturers provides more details. 
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CHAPTER 1 
1 INTRODUCTION 

 
Infrastructure is the backbone of any developed or developing economy. 

Transportation plays an important role in the growth of a nation by bringing the 
destinations closer. Efficient transportation increases the comfort of the commuter and 
provides a safe and fast passage for the commodities. Tunnels are very significant in 
ensuring the direct transportation of passengers and goods through certain obstacles like 
mountains, rivers, and dense urban centers.  

Rapid urban expansion caused by social and economic development has led to an 
enormous increase in traffic density and, as a result, to increased transit time for 
commuters. The non-availability of surface space for expanding the existing road 
network and the presence of other obstacles necessitate the development of other options 
available for better transportation. Tunnels have been a viable solution to the problem of 
managing the ever increasing traffic with minimal surface land utilization.   

Tunnels are underground passages that provide a safe transit for the traveling 
population. They transport commuters either by rail or by automobile and often comprise 
two or three large, parallel passages for bi-directional traffic. Tunnels play an important 
role in the development of new road or rail networks, and the number of tunnels in the 
world is increasing rapidly. Tunneling is an art that includes the entire range of 
engineering - civil, structural, geological, mechanical, electrical, and computer as well as
including the ecological and environmental considerations. Apart from being the most 
expensive engineering structure, tunnels present difficult problems during construction.  

Because of the greater frequency of tunnel construction, constant improvement of 
tunneling construction technology is required. Tunnels should be adopted as a cost-
effective engineering solution to the problem of traversing densely populated urban areas 
with minimal impact on the local environment. Although significant improvements have 
been made over the years in terms of tunnel construction in the USA, the substantial 
growth in passenger traffic and the need for more efficient rapid transit systems in urban 
areas will necessitate a steady progress in tunnel construction practices. 

 

1.1 Objectives 
The objectives of this report were as follows: 

• To study the various tunnel construction technologies employed worldwide, with 
special emphasis on the technologies in practice within the USA. 

• To evaluate each technology on the basis of its merits and disadvantages.  
• To address safety issues related to tunnels. 
• To discuss the capabilities and services offered by various tunneling companies. 
 

1.2 Scope and Methodology 
In this report, an effort has been made to examine and evaluate the current tunnel 

construction technologies employed in different mediums: soil (e.g. the New Austrian 
Tunneling Method (NATM) and the Tunnel Boring Machine (TBM) method), rock (e.g. 
the drilling/blasting (D & B) method and the TBM method), and water (e.g. shielded 
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construction and immersed technology). The report includes a discussion of support types 
used to enhance the stability of the tunnel face; both temporary and permanent methods 
such as shotcreting, segmental lining, and other support measures are discussed. In 
addition to comprehensive literature and background research, several case studies of 
various tunnel construction technologies have been analyzed. Comparisons are drawn 
between diverse tunnel construction methods and include evaluations of the advantages 
and disadvantages of the methods. Safety issues related to tunnel construction and 
operation have been addressed with special emphasis on fire safety. Furthermore, a list of 
tunneling contractors and construction equipment manufacturers is provided that present 
their capabilities and the services offered. 

 

1.3 Report Organization 
This report is organized into six chapters. Chapter 1 identifies the objectives, 

scope, methodology, and organization of the document. Chapter 2 contains discussions of 
tunneling in soft ground and of using tunnel construction methodologies such as NATM 
and the Shield TBM method in soft soil. Chapter 3 provides information about 
constructing tunnels in hard rock with the use of TBM and D & B methods. Chapter 4 
contains an explanation of the construction of tunnels across water with the use of 
immersed technology and shielded construction. Fire and other safety aspects of 
tunneling have been summarized in Chapter 5. Chapter 6 contains a summary of the 
recommendations and conclusions resulting from the review of case studies and previous 
disasters. All technologies discussed in the previous chapters have been summarized in 
brief in this chapter. In addition to the discussion of the various technologies, that is 
found in the chapters, case histories and literature reviews are presented. Appendix A 
provides brief details about the services and capabilities of the people involved in 
executing a tunnel project. 
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CHAPTER 2 
2 TUNNELING IN SOFT GROUND 

2.1 Introduction 
 In tunneling terms, soil is referred to as a material that can be removed easily 

with reasonable resources and tools compared to hard rock and are more often called soft 
ground. The degree of difficulty and the consequent cost of performing tunnel excavation 
as well as the methods to be employed, are mainly determined by the stand-up time of the 
tunneling medium (Powel et al. 2001). The utility of the completed tunnel depends upon 
its ability to sustain both construction and permanent loading. Construction activity 
should result in minimal disturbance and minimal damage to the surrounding utilities and 
structures.  

 

2.2 Soil Profiles  
The various forms of soil profiles encountered while tunneling is being done 

influence the choice of which construction method is to be adopted.  The common 
classification (Bickel and Kuesel 1982) of soil profiles is as follows: 

• Firm – loess above water table, hard clay, cemented sand, and gravel. 
• Raveling (slow and fast raveling) – residual soils or sand, stiff fissured clays. 
• Squeezing – stiff to hard clay. 
• Running (cohesive running, running) – clean, dry granular materials. 
• Flowing – silt, sand, or gravel below the water table.  
• Swelling – Highly pre-consolidated clay. 

In the case of tunneling in firm ground, the heading can be advanced without 
initial support to the ground, and final lining can be provided when the ground begins to 
move. Initial support of lesser magnitude may be required to prevent the falling flakes of 
soil or rock due to the mechanical vibration of equipments. In slow raveling ground, 
chunks or flakes of ground material begin to drop out sometime after the ground has been 
exposed. In the case of fast raveling ground, the dropping out of chunks or flakes starts 
immediately. In squeezing ground, the soil extrudes plastically into the tunnel, the 
overstress leads to plastic yield, ductility, and flow of the ground. When the slope is 
greater than the angle of repose of the soil (the angle made between the edge of the pile 
of soil and the horizontal plane), granular materials without cohesion become unstable. 
When the slope is steeper, the ground runs like dune sand until the slope flattens to the 
angle of repose. In the case of flowing ground, the mixture of soil and water flows into 
the tunnel like a viscous fluid. Swelling ground expands slowly into the tunnel as soon as 
ground absorbs water. 

Special ground conditions (Miura 2003) encountered while tunneling are as 
follows: 

• Ground with swelling particularly caused by the presence of new sedimentary 
rocks like mudstone and tuff, and by hydro-thermally altered rocks. 

• High water pressure and a large amount of water inflow. 
• Non-cemented soil ground as in the case of sandy ground. 
• High earth temperature, hot springs, and toxic gases in volcanic belts. 
• Rock bursts resulting from high overburden. 
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2.3 Construction Methods 
Tunneling costs, soil profile, safety requirements, and construction time are the 

main factors that determine the type of construction method to be employed.  The 
common methods of soft soil tunneling are listed below. 

• NATM – for excavation in cohesive or stabilized ground. 
• TBM – for uniform ground with no serious obstacles. The TBM method with 

shield is used for tunnels in pervious ground below water level. 
• Cut-and-cover is a simple method of construction for shallow tunnels where the 

tunnel way is excavated manually or by using mechanical equipment; later, the 
roof is covered or left open, depending on the requirement. This method is most 
commonly used while the ramp is being constructed that leads to the underground 
or water at the starting point and ending point of the tunnel. The portions of tunnel 
excavation done underground or below water are then constructed by using 
various other methods like NATM, the TBM method, and the Immersed method 
etc.  

In this chapter, using NATM and the TBM method for soft ground is discussed briefly.  
The TBM method for rock is discussed in more detail in chapter 3, and the shield and 
immersed methods are discussed in chapter 4. 
 

2.4 NATM – Introduction 
NATM has been synonymous with several other terms like ‘Sequential 

Excavation Method’ and ‘Sprayed Concrete Lining’.  The naming has become more 
complex because the tunneling industry gives the method new names to reflect certain 
aspects of NATM.  This method was developed mainly by the Austrians in the latter half 
of the twentieth century and currently is seeing an increased use in the USA.  

In soft rock or ground with minimal cohesion, conventional tunneling with an 
excavator and shotcrete support is generally regarded as the economically superior 
method because relatively small investments are needed (Hagedorn 2002). In the present 
study, an attempt is made to better understand the construction technology of NATM. 
Figure 1 shows the typical profile of a tunnel built by NATM.  It is a twin track rail 
transit tunnel. The lining protects the loose soil from disintegrating. Generally, the 
primary lining provides initial support during construction, thus preventing the roof from 
collapsing and allowing the workers to safely execute the excavation task. 
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Figure 1  Typical NATM tunnel cross section 
Note: Adapted from “Design of an NATM tunnel for Mission valley light rail – east extension” by D. 
Powell, D. Field, and R. Hulsen. R, 2001, Rapid Excavation and Tunneling conference, San Diego, p. 3. 
Copyright 2001 by D.Field. Adapted with permission. 
 

2.4.1 Salient Features 
The Austrian Society of Engineers and Architects (Romero 2002) defines NATM 

as a method where the surrounding rock or soil formations of a tunnel are integrated into 
an overall ring-like support structure.  Thus the supporting systems will themselves be 
part of this supporting structure. Shotcrete is proposed as a method for initial ground 
support of an open-face tunnel.  

NATM encompasses both a design philosophy and a construction method. The 
strength of the ground is mobilized to the maximal extent possible because this method 
allows controlled deformation of the ground. The initial primary support is installed 
having load-deformation characteristics appropriate to the ground conditions, and 
installation is timed with respect to ground deformations. Instrumentation is installed to 
monitor deformations in the initial support system, as well as to form the basis of varying 
the initial support design and the excavation sequences. 

The tunnel is sequentially excavated and supported, and the sequences can be 
varied. Initial ground support is provided by shotcrete in combination with fiber or 
welded-wire fabric reinforcement, steel arches (usually lattice girders), and sometimes 
ground reinforcement (e.g. soil nails, spiling). The final lining is provided later which is 
normally a cast-in-place concrete lining.  

NATM in soft ground is used widely in the USA.  Soft ground requires support 
immediately after excavation; in dense urban areas, limiting settlement is necessary to 
ensure the safety of the overlying structures. To limit settlement and to ensure worker 
safety, excavation stages must be of shorter dimension and duration, and the ring support 
must be constructed immediately after excavation.  
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2.4.2 Criteria for selecting the support types 
Experiences encountered during the execution of previous projects indicate that 

criteria for selecting a particular type are based on predicted ground conditions and are 
related to key constraints and issues such as 

• Variations in the amount of cover above the crown. 
• The likely stand-up time and other relevant characteristics such as the frequency 

of boulders, poorly graded sand layers, and the groundwater table. 
• The location of surface structures and utilities. 
• Estimated volume losses and predicted settlements. 
• The type of equipment used for this type of construction. 
• Interface with the cut-and-cover. 

2.4.3 Additional support measures 
Site investigation may suggest adopting additional support measures because 

local factors such as clasts and poorly graded sand layers or lenses could influence the 
stability of the unsupported excavation at the face.  The following measures are 
recommended: 
(a) Temporary face support:  Application of a temporary shotcrete layer to the face of 
the advancing excavation helps to protect the workforce from any potential ground 
collapses caused by boulders or running ground and prevent the face from dehydrating.  
Work stoppages may occur and will result in the face’s standing for longer periods during 
construction. To provide stability to the excavated face, the bench/invert is completed to 
the tunnel face, and the tunnel face is shaped into a dome and supported by a temporary 
head wall. 
(b) Spiling and canopy tubes: When encountered during excavation, lenses/layers of 
poorly graded materials pose local stability problems to the face, as well as to the 
shotcrete lining.  Therefore, temporary supports using either spiling or canopy tubes are 
used to support the heading ahead of excavation. 
(c) Probe drilling: Probe holes are drilled ahead of the face to relieve any potential 
hydrostatic pressure. 
(d) Infill shotcrete:  Infill shotcrete is used to fill the gap caused by the removal of the 
clasts that intrude more than 100 mm (4 inches) from the inner face of lining. 
(e) Long span steel pipe fore-piling with injection:  This auxiliary method is adopted to 
stabilize the face and the ceiling of top heading and to restrain ground movement in front 
of the face. In this method, long steel pipes are installed in front of the face by using a 
special boring machine equipped with a down-the-hole hammer as shown in Figure 2. 
Rapidly hardening cement and normal cement solution are injected at a high pressure, 
and this helps to maintain the stability of the face during the excavation of the top 
heading. A method that utilizes conventional drilling jumbo for long span fore-piling as 
shown in Figure 3 has been developed in Japan and is often used at the portal or at 
fractured zones because of its simplicity of application (Geofront Research Group 1997).  
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Figure 2  Installation of long span steel pipe fore-piling 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 115. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 

 

 
Figure 3  Long span fore-piling 

Note: Adapted from “Effect of jet-grouting on surface settlements above the Aeschertunnel, Switzerland” 
by S. Coulter, and C.D. Martin, 2006, Tunnelling and Underground space technology, v 21, p. 545. 
Copyright 2005 by Elsevier Ltd. Reprinted with permission. 
 
(f) Horizontal jet grouting: Horizontal jet grouting was successfully used in the 
Aeschertunnel in Zurich, Switzerland (Coulter and Martin 2006). This tunnel passes 
through bedrock and glacial moraine, a relatively dry, medium-dense, silty sand. This 
method is often used in Europe for the construction of shallow tunnels in weak soils, 
where sub-horizontal jet-grout columns are used to form a protective arch of cemented 
soil ahead of the excavation face (Mussger et al. 1987; Pelizza and Peila 1993). 

The arch is formed from the sequential installation of horizontal jet-grout columns 
to form a series of partially overlapping cone sections as shown in Figure 4. The arch so 
formed reduces the radial deformations ahead of the tunnel face; in turn this reduction 
contributes to the reduction of the surface settlements. The measurements taken during 
the jet-grouting process and during the excavation of the Aeschertunnel heading 
suggested a settlement trough much narrower than that observed when conventional 
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NATMs are used. The volume losses were limited to 0.35%, which is approximately the 
volume losses achieved with slurry shield and Earth pressure balance (EPB) TBM 
tunneling. 
(g) Temporary support piles:  When the surface subsidence is predicted to be more than 
10 mm (3/8 inch) during the excavation of the lower half of the tunnel in the case of a 
double-tier tunnel, temporary support piles can be employed to support the upper half of 
the lining structure during excavation of the lower half.   

 
Figure 4  Jet-grout arch umbrellas used for the Aeschertunnel 

Note: Adapted from “Effect of jet-grouting on surface settlements above the Aeschertunnel, Switzerland” 
by S. Coulter, and C.D. Martin, 2006, Tunnelling and Underground space technology, v 21, p. 543. 
Copyright 2005 by Elsevier Ltd. Reprinted with permission. 
 
Temporary support piles are installed after the excavation of upper middle bench and 
before the casting of the middle slab.  Steel piles are inserted to support these temporary 
piles.  The piles are designed to carry the dead load of the upper lining and additional 
earth pressure from the ground.  
(h) Ground freezing:  In the last decade, ground freezing has become a proven 
construction alternative for providing temporary ground support and groundwater control 
for excavations in difficult soil conditions. Some of the main advantages of ground 
freezing are that the method is less sensitive to geologic prediction than others; that it 
provides temporary functions such as excavation support, groundwater control, and 
structural underpinning; and that it is adaptable to practically any size, shape, or depth of 
excavation (Bernd and William 1985). Ground freezing by the use of brine in circulation 
pipes was first used for shaft-sinking for mining through water-bearing zones of the 
ground in South Wales in 1862 (Glossop 1968). With this method, the strength, 
impermeability, and uniformity of the frozen soil are much better in quality compared 
with those characteristics of soils improved by other auxiliary construction methods 
(Tanaka et al. 1994). This method has been more recently applied successfully in 
tunneling, in which situation the ground is frozen by using freezing agents like brine 
solution and liquid nitrogen.  The tunnel is advanced in stages to allow the next cycle of 
freezing to start resulting in a relatively slow process. For the process of freezing to 
happen, sufficient water must be present in the surrounding ground. The ground-freezing 
process requires vertical freeze pipes from the ground surface to freeze the block of 
ground through which tunneling is to be done. When the distance from the ground 
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surface is greater, the holes are drilled horizontally at the face, and the freeze pipes are 
inserted to freeze the ground.  

2.4.4 Excavating the Tunnel face 
Figure 5 shows the cross-section, the longitudinal plan, and the excavation and 

support sequences of the North East Line tunnel, constructed in Singapore with the use of 
NATM (Williams et al. 1999).  The sequence adopted was partial excavation of the face.  
The excavation sequence consisted of completing the top heading and then proceeding 
with the bench/invert excavation.  The face of the tunnel was divided into three sections: 
top heading, bench, and invert.  Each subdivision of the face was advanced incrementally 
such that the complete ring closure of shotcrete lining was not greater than 4 m (13 ft) 
from the tunnel face. 

The top heading was excavated by around approximately 1.1 m (3.5 ft), which is 
called the advance; and then a thin layer of shotcrete was applied to the excavated wall.  
Next a wire mesh and a steel lattice arch were installed after which the first layer of 
shotcrete was applied.  The lining was completed by the application of a second layer of 
shotcrete and wire mesh.  Once complete, the same operation was carried out for the 
bench, and the sequence of top heading and bench excavation was repeated.  Every two 
advances of top heading and bench were followed with a single advance of the invert. 

Excavators with buckets are used for excavation.  The size of the excavator 
depends on the size of the tunnel, because the excavator requires enough space for 
movement. Final shape is provided by means of pneumatic hand tools. 

 
Figure 5  Construction sequence of NATM 

Note: Adapted from “Recent Large-Diameter Tunnel Construction in Singapore Using Sprayed Concrete 
Linings” by I. Williams, N. Osborne and A.E. Thai, 1999, Tunnelling and Underground space technology, 
v 14, p. 532. Copyright 2005 by Elsevier Science Ltd.. Reprinted with permission. 
 

2.4.5 Design approach and methodology 
The design approach and philosophy are based on the fact that the soft ground 

stands up without failure for approximately every 1 m (3.3 ft) length of the tunnel to be 
excavated.  Models are created to predict the performance of the linings in terms of the 
stresses and corresponding deformations at various stages of excavation.  All of the 
possibilities of ground conditions, particularly the maximal hydrostatic pressure and the 
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maximal and minimal ground cover to the tunnel face, are considered while modeling.  
Results of plate load tests and various other tests obtained during site investigation are 
used to input the geotechnical parameters for the model analyses.  The analysis is carried 
out to study the ground and the lining behavior.  

The following steps typically are used in the analyses to model the construction 
process: 

• Excavation of the ground. 
• Establishment of steady state flow conditions. 
• Relaxation of the ground to represent deformations in advance of support. 
• Installation of the primary lining. 
• Analysis of the model and solving to equilibrium. 
• Installation of the secondary lining. 
• Analysis of the model and solving to equilibrium. 

The results obtained from the analysis are checked to confirm whether they are in 
agreement with the ACI-318 design code.  In addition to the static loadings, the 
performance of the secondary lining is checked for dynamic loading. 

2.4.6 Limitations 
Using NATM in soft-ground conditions requires that ground supports be placed 

immediately after excavation.  However, there are cases where soft-ground conditions do 
not favor an open face with a short length of un-completed lining because of flowing 
sand or because of ground with a short stand-up time.  These cases may be modified by 
de-watering, spiling, grouting, or other ground improvement methods. Unless ground is 
modified, NATM is not appropriate in these conditions.  In such situations, close-face 
shield tunneling methods may be more appropriate for safe tunnel construction. 

 

2.4.7 Using a Black Box for NATM Design  
A black box is any method that calculates stresses in the ground and tunnel 

support. Traditionally this calculation is being done with finite element or finite 
difference methods. Numerical modeling is a useful tool for design of sequentially 
excavated, shotcrete-lined tunnels in soft ground. Numerical modeling is very useful in 
situations where interacting tunnels, unusual geometries, or adjacent structures are 
present. For numerical modeling of tunnel linings in soft ground, software such as Flac or 
Plaxis is preferred. If a shotcrete-lined tunnel has a nearly circular or oval section with no 
irregularities and no surface or sub-surface structure interactions with the tunnel, then 
traditional ground-lining interaction methods can be used for design; using such a method 
also provides a check on numerical modeling. It is necessary to know the theory behind 
the black box and to correlate the analysis with tunnel behavior in the field. 

 A new tool that will enable the engineers to pre-assess the tunneling length by 
taking a walk through a virtual model that uses Global Positioning System (GPS) is being 
developed at Virginia Polytechnic Institute and State University. This tool will help the 
tunnel design engineer view rock formations and fractures, as well as to find the 
properties of the rock.    
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2.4.8 Instrumentation and Monitoring 
Instrumentation and monitoring are required for verifying design methods and for 

calibrating numerical models.  Monitoring serves as an alarm to alert the designer and the 
constructor about whether the lining is performing as desired or is in danger of collapse.  
The rules of the thumb for geotechnical instrumentation that are applicable to NATM are 
as follows: 

• Predicting mechanisms that control the behavior of the lining under the action of 
overburden loads, and define geotechnical questions that need answers. 

• Define the purpose of instrumentation, and identify the parameters that require 
monitoring. 

• Predict magnitudes of change, and determine threshold limits and the remedial 
actions. 

• Assign tasks and responsibilities. 
• Select instruments and locations. 
• Devise methods to ensure correctness. 
• Plan data collection, processing, presentation, interpretation, and reporting. 

2.4.9 Quality Control Procedures  
Quality control is the primary requirement throughout the construction process 

and is most important during the installation of the initial support. Table 1 shows the 
desired design strength development of shotcrete. 

 
Table 1  Specified shotcrete strength development 

Age of Specimen Design Strength 
8 hours 4 MPa (580 psi) 
24 hours 7 Mpa (1015 psi) 
72 hours 14 Mpa (2030 psi)
28 Days 25 Mpa (3750 psi)

Note: Adapted from “Design of an NATM tunnel for Mission valley light rail – east extension” by D. 
Powell, D. Field, and R. Hulsen. R, 2001, Rapid Excavation and Tunneling conference, San Diego, p. 15. 
Copyright 2001 by D.Field. Adapted with permission. 

 
Specific design requirements for the mix include pumpability (workability) and 

cohesiveness. Additives like silica fume have proven to be beneficial in promoting, 
• Increased mix cohesiveness and increased bond to substrate. 
• Reduced rebound. 
• Increased shotcrete strengths. 
• Reduced permeability and hence increased durability. 

Comprehensive site trials of both the mix and the applicators by using the 
equipment specified for the tunnel works will be required to provide assurance that the 
specified mix design is workable and that its short and long term strength characteristics 
are achievable. Shotcrete performance should be thoroughly monitored throughout the 
tunnel construction. Recent failures have clearly demonstrated the need for strict 
inspection and quality control procedures.   
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The shotcrete application in underground facilities demands skilled and 
experienced applicators.  The ACI C660 certificate of shotcrete nozzlemen gives the 
guidelines for the applicators.  The introduction of the American Shotcrete Association 
Nozzlemen certification program in 1999 is beneficial because it sets the training 
standards for creating qualified applicators of shotcrete . 

 

2.4.10 Reasons for NATM Tunnel Collapses 
There have been several collapses and stability failures of NATM tunnels.  The 

main reason in most cases was determined to be the collapse of the heading. The causes 
for failure could be summarized as resulting from un-anticipated geologic conditions, 
design errors, construction quality problems, and poor management. The main reason has 
been human error in which the method had been incorrectly applied. 

 

2.4.11 Case study – NATM Tunnel for Mission Valley Light Rail 
The tunnel for the Mission Valley Light Rail passes through San Diego State 

University (SDSU). It is a 330 m (1083 ft) long, 11.24 m (37 ft) wide, single twin track 
tunnel. The general profile of the tunnel cross-section is shown in Figure 1. The ground 
condition was lightly cemented dense sandy gravel with cobbles that forms part of the 
stadium conglomerate formation. Discussed in this section are various issues regarding 
ground conditions and predicted ground response, use of sequential excavation methods 
to control deformations, construction concerns like instrumentation and monitoring, 
management of the construction process to reduce risk. 

 

2.4.11.1 Background of the project 

 Using the TBM with a pre-cast concrete segmental lining installed behind the 
cutter head was first proposed. Later, the changes in the alignment of the route to reduce 
the impact on university buildings substantially reduced the length of the tunnel section, 
and this reduction led to the re-evaluation of the proposed method. The ground conditions 
and the reduction in the mined length, much of which lies above the water table, favored 
the use of sequential excavation methods and support techniques used commonly in the 
NATM. This approach resulted in a switchover from single track twin bores to single 
bore twin track configuration which resulted in cost savings. Although the span was 
increased, the NATM approach in conjunction with proper risk management was 
intended to control the construction risks and impact on the university facilities.  

 

2.4.11.2 Ground conditions and expected ground behavior 

The entire length of the tunnel is composed of lightly cemented dense sandy 
cobble conglomerate that forms part of the stadium conglomerate formation for which 
there is limited tunneling experience. Therefore, it was important to carefully assess the 
worst possible ground conditions likely to be encountered during tunneling. 
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Local concerns during tunneling arose in the form of the presence of large 
boulders (or clasts), poorly graded sand, ground water table, and ground behavior.  Clasts 
which are usually known as ‘Poway clasts’, are generally composed of metavolcanic or 
quartzitic materials with an average unconfined compressive strength of 200 mpa (29,000 
psi); such clasts were encountered during construction. These hard boulders make 
tunneling progress slow. 

Layers of poorly graded sand with or thickness up to 600 mm (23.6 inches) were 
predicted to occur within the stadium conglomerate. Mostly, these layers occur above the 
crown of the tunnel; in the few exceptions, they occur in the crown and sidewalls of the 
tunnel. Fast raveling and/or free flowing conditions are likely to pose a serious tunneling 
hazard when these layers are encountered below the groundwater table. 

The initial section of the bored tunnel is just below the water table and therefore 
seepage is commonly found at the base of poorly graded sand layers. Between these 
layers, seepage was not found; however zones of saturation indicated semi-confined 
aquifers. The main problem of concern was that these saturated layers would create fast 
raveling and/or running ground conditions during excavation. 

     When above the groundwater table, the stadium conglomerate behaves as firm 
to slow raveling; when below the groundwater table, the conglomerate was expected to 
degrade to fast raveling within a period of a few hours. The material was expected to be 
stiff and to provide a sufficient stand-up time for every 1 m (3.2 ft) of tunneling. This 
stand-up time was the reason for the design of the primary lining. 

 

2.4.11.3 Construction sequence and support types 

The use of NATM in soft ground is relatively new in North America, although it 
has been successfully used in rock tunnels since the 1970s. There have been collapses 
reported in various projects in which NATM has been used; these collapses occurred 
either because the application was not appropriate for the ground conditions or because 
inadequate management and control procedures were employed. Tight excavation and 
support sequences are required to control settlements for shallow tunnels in high risk 
urban areas; therefore it must be ensured that the design intent is not compromised.  

On the basis of predicted ground conditions, as well as on the basis of experiences 
encountered during the execution of previous projects, three excavation and support types 
were selected. The criteria for selecting a particular type were related to key constraints 
and issues such as 

• Variations in the amount of cover above the crown. 
• The likely stand-up time and other relevant characteristics such as the frequency 

of boulders, poorly graded sand layers, and the groundwater table. 
• The location of surface structures and utilities. 
• Estimated volume losses and predicted settlements. 
• The type of equipment used for this type of construction. 
• Interfaces with the cut-and-cover and SDSU station. 
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2.4.11.4 Support type 1 

This type of support is used when the tunnel crown is above the water table; for 
this situation, firm to slow raveling conditions are predicted. The sequence will use a split 
top heading, although a full top heading can be completed before the invert of the 
primary lining is constructed. Full closure of the lining is achieved within 4.0 m (13 ft) of 
the face.  

2.4.11.5 Support type 2 

This type of support is used when the tunnel crown is below the water table. The 
presence of poorly graded sand-dominated matrix lenses and layers could lead to either 
fast raveling or flowing ground conditions. Here, a side gallery and enlargement sequence 
has been specified to reduce the span of the top headings. One side wall is fully supported 
before being enlarged to the full section. In addition, routine probe holes have been 
specified to drain the ground ahead of the face to reduce the hydrostatic pressures. Full 
closure of the primary lining is achieved within 4.0-8.0 m (13-26 ft) of the face. 

 

2.4.11.6 Support type 3 

This type of support is used when the cover to the tunnel is thin and it is therefore 
necessary to control surface settlements and any potential impact on the utilities. In this 
project, the cover to the tunnel at a particular stretch was less than 6.0 m (19.5 ft), and the 
tunnel passed underneath a number of utilities. To maintain a suitable cover-to-span ratio 
of at least 1.0 for each stage of the excavation, a twin side gallery and central pillar 
arrangement was selected. Full closure of the primary lining is achieved when the central 
pillar is removed. 

 

2.4.11.7 Auxiliary supports 

Site investigation suggests adopting additional support measures because local 
factors such as clasts and poorly graded sand layers or lenses could influence the stability 
of the unsupported excavation at the face. The following measures were recommended: 

• Temporary face support. 
• Spiling and canopy tubes. 
• Probe drilling. 
• Infill shotcrete. 

Refer to Section 2.4.3 for more information on these recommendations. 
 

2.4.11.8 Management of the construction process 

The introduction of management systems; a recent important development in the 
tunneling industry, ensures the safety of the personnel and the public, as well as 
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exercising control over costs and schedule. The importance of such systems was 
highlighted because of recent high profile collapses like that of the Heathrow express 
tunnel, where NATM had been used. The failure was mainly attributed to poor risk 
management, and was especially attributed to poor quality control in forming 
construction joints.  

 

2.4.11.9 Management approach  

The management approach provides for the Engineer’s Design Representative 
(EDR) to be a part of the supervision team for better co-ordination among the different 
construction-related groups and for the maintenance of the continuity of the design 
throughout the construction phase. This provision will allow the designer to make any 
necessary changes during the construction phase before problems arise. Also, changes to 
the excavation sequence and support are monitored and kept under constant review. 

The single team approach in which the construction supervisor and the contractor 
work together, is attained by involving the EDR in all construction phases. This approach 
avoids confrontations normally encountered between the contractor and construction 
supervisor. A sense of willingness to work together is achieved here that often is termed 
as partnering. This single team approach considerably reduces risks related to safety and 
quality control.  The various groups will have their own responsibilities while they co-
ordinate with each other for the progress of the project. 

 

2.4.11.10 Design risk management  

The input parameters and assumptions used in the design have been derived from 
the Geotechnical Interpretative Report (GIR) and Geotechnical Baseline Reports (GBR). 
Although site investigation data reveal uniform ground conditions, various other factors 
like layering, poorly graded bands, and boulders could locally influence the ground 
response. Several concerns arise for this type of ground prior to design and construction, 
such as 

• Site investigation identification for the worst credible conditions. 
• Unforeseen local planes of weakness or pockets of wet, poorly consolidated 

ground that could affect installation of support. 
• Predicted deformations ahead of the face. 
• Predicted volume losses. 
• Local factors that could affect safety. 

The excavation and different support types are sufficient to meet the risks. The 
additional supports provide flexibility during construction; as a result the contractor can 
respond to the actual conditions encountered. Instrumentation and monitoring are 
essential requirements for verifying the design performance during the early stages of 
construction. During construction, the EDR will progressively update the assumptions 
made at the design stage. Support types and construction sequences will be adjusted as 
necessary to suit actual ground conditions. 
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2.4.11.11 Construction management procedures 

The control of the construction process depends upon the predicted and actual 
performance of the excavations. To ensure that the control is effective, three principal 
activities are required: 

• Use of Key Performance Indicators (KPIs). 
• Implementation of daily site meetings to review the KPIs. 
• Conducting of emergency review meetings if KPIs exceed trigger and limit 

values. 
The lining and ground deformations must be monitored, and trigger and limit 

values should be specified for 
• In-tunnel deformation arrays. 
• Borehole extensometers and inclinometers. 
• Surface settlement monitoring points. 
• Piezometers. 

 
Table 2  Frequency of Key Performance Indicator (KPI) Monitoring 

Key Performance Indicator Frequency of Reading 

 Distance from Face Frequency 

In-Tunnel Deformation 0 m to +30 m Daily 

 +30 m to +60 m Twice Weekly 

 >+60 m Weekly 
Inclinometers & 
Extensometer -30 m to -15 m Twice Weekly 

 -15 m to 0 m Daily 

 0 m to +30 m Daily 

 +30 m to +60 m Weekly 

 >+60 m Weekly 

Settlement Monitoring Points -30 m to 0 m Daily 

 0 m to +30 m Daily 

 +30 m to +60 m Twice Weekly 

 >+60 m Weekly 

Piezometers General Weekly 

 -15 m to 0 m Daily 
 0 m to +30 m Daily 

Note: Adapted from “Design of an NATM tunnel for Mission valley light rail – east extension” by D. 
Powell, D. Field, and R. Hulsen. R, 2001, Rapid Excavation and Tunneling conference, San Diego, p. 14, 
15. Copyright 2001 by D.Field. Adapted with permission. 
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The trigger and limit values must be compatible with the serviceability and 

ultimate limit state for the primary and secondary linings. Daily site meetings will review 
the instrumentation and monitoring results. KPIs will also be viewed in terms of trends 
and the site team will take appropriate action if trigger values are exceeded. If there are 
real concerns in terms of the trends, the contract empowers the Construction Manager 
(CM) to convene emergency review meetings that will consist of the EDR, the CM, and 
the contractor’s representatives. The instrumentation array for in-tunnel deformations, as 
well as the trigger and limit values and the deformation trends defined for such an array is 
shown in Table 2. 

2.4.12 Case study – Construction of Ome Tunnel by NATM  

2.4.12.1 Introduction 

The Ome Tunnel (Haruyama et al. 2005) is a double-tier highway tunnel with a 
large cross-section of 220-260 sq m (2368–2800 sq ft) excavated at a shallow depth in 
un-consolidated ground by using the NATM method. The total length of the tunnel is 
2095 m (6875 ft). The 1093 m (3586 ft) segment in the middle of the tunnel was 
constructed by NATM-and the remaining portion was done by using the cut-and-cover 
method. Because the tunnel passes under a road in a dense residential area, factors such 
as surface settlement, noise, vibration, and other negative impacts resulting from 
construction work had to be minimized. To reduce these impacts, NATM with vertical 
shafts and various auxiliary construction methods such as long span steel pipe fore-piling 
with injection was adopted based on monitoring and analyzing ground behavior during 
construction. A tunneling length of 1060 m (3478 ft) was successfully completed without 
major problems or damage to the overlying facilities.    

 

2.4.12.2 General profile of Ome Tunnel 

The horizontal tunneling section of the Ome tunnel has an egg shaped cross-
section of about 15 m (49 ft) width, 18 m (59 ft) height, and 221-261 sq m (2380-2810 sq 
ft)  in cross-section area to fit the width of road. Average overburden above the tunnel 
was 8.6 m (28 ft). The cross-section is separated vertically by a middle slab of 90 cm 
(35.5 in) thick reinforced concrete (and 80 cm (31.5 in) thick wall lining) to form a 
double-tier tunnel cross-section as shown in Figure 6. The tunnel was excavated from two 
vertical shafts. 

2.4.12.3 Topography and geology 

The entire tunnel is driven through un-consolidated ground. The ground consists 
of deposits of sand/silt and gravel bedded over the base Hanno gravel layer and covered 
by thin Kanto loam. The terrace sandy/silty gravel layer is separated into the lower Ome 
gravel layer and the upper Tachikawa gravel layer. Both layers consist of   
cobble/boulder of hard sandstone/siltstone ranging from several centimeters to 20 cm (8 
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inches). The layers also include a small percentage (10-20%) of silt and smaller particles. 
The bedding plane between those two layers lies 12-20 m (39.4-65.6 ft) below the surface 
within the tunnel section.  

The voids in the gravel layer form a continuous layer of groundwater flow paths. 
The average coefficient of permeability is estimated to be on the order of 10-1-10-2 cm/s 
in the upper Tachikawa gravel layer and 10-3-10-4 cm/s in the Ome gravel layer. The 
normal groundwater table varies from 12 to 20 m (39.4 to 65.6 ft) below the ground 
surface. The groundwater table in the upper Tachikawa gravel layer fluctuates sensitively 
with rainfall.   

2.4.12.4 Basic construction procedure 

Because of the effect of the large magnitude of the excavated area on the stability 
of the wall/face and an amount of ground displacement, the oval shape tunnel section was 
constructed in a sequence by dividing it into four benches. The primary support for the 
excavated wall in each bench was made of a 250 mm (10 inch) thickness of shotcrete and 
steel rib (H-200 x 200 x 12) at a spacing of 1 m (3.3 ft). For rapid ring closure, temporary 
shotcrete of 200 mm (8 in) thickness was installed. To maintain face stability and to 
prevent the collapse of the crown ceiling, long span fore-piling with injection and face 
shotcreting was adopted. 

The tunneling sequences are shown in Figure 7. The middle slab was of 
reinforced concrete and along with the upper arch lining enclosed, the upper half of the 
tunnel was filled with soil. This was done to eliminate the settlement of the ground above 
the tunnel so that stability could be maintained during excavation of the lower benches. 

The analysis of ground displacements during the excavation of the upper half of 
the tunnel paved the way for the decision to use temporary piles. These piles supported 
the upper lining structure during the excavation of the lower half of the tunnel. Four steel 
piles (H-500 x 500 x 25 x 25) were set for each span of 9 m length before the middle slab 
was cast. 
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Figure 6  Standard profile of the Tunnel 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 113. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 

 

2.4.12.5 Basic design of lining structure 

The temporary support piles were not considered before the construction work was 
started. The lower half of the excavation work would begin after the completion of the 
upper lining structure. The upper lining will be supported longitudinally by adjacent 
upper lining sections; and therefore, they should be continuous to be able to propagate the 
stresses longitudinally. The reinforcement bars in the upper lining structure were jointed 
entirely. The lining structure was designed by using the three-dimensional numerical 
analysis model shown in Figure 8, along with two-dimensional analysis of loads after 
completion. As a result, the maximum span of a trenching section was determined to be 
30 m (98.5 ft) with reinforcement of the lining.  
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Figure 7  Tunnel construction sequences 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 114. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

The load-carrying capacity of the cast-in-situ temporary piles was uncertain. 
Therefore, the continuity of the upper lining was still necessary. The design of the lining 
structure was revised by using the same model that was used to consider the temporary 
support piles. 

2.4.12.6 Long span steel pipe fore-piling with injection 

This auxiliary method was adopted to stabilize the face and the ceiling of the top heading 
and to restrain the ground movement in front of the face. In this method, long steel pipes 
are installed in front of  the face by using a special boring machine equipped with a 
down-the-hole hammer. Rapidly hardening cement and normal cement solution were 
injected at a high pressure to help maintain the stability of the face during the excavation 
of the top heading. 
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Figure 8  Numerical model for the design of lining structure 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 115. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

2.4.12.7 Groundwater treatment 

The entire tunnel passes through relatively permeable sandy gravel layers. The 
groundwater table lies at the depth of the top bench of the tunnel. During excavation, 
groundwater infiltrated the tunnel and seemed to induce face stability. Therefore, 
measures were taken for de-watering of the excavation area. Deep de-watering wells 
were installed near the vertical shafts, but it was not possible to install them at either 
section because of the dense residential area. Therefore, horizontal de-watering boring in 
front of the face with steel pipe, the same one as that used in the long span fore-piling, 
having many slits was installed near both feet of the top bench along with the fore-piling 
sequence. The pipe sufficiently drained groundwater in the periphery compared to the 
inside. 
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2.4.12.8 Measurement and analysis of ground behavior  

The ground was unconsolidated, the soil overburden was small, the cross-section 
of the tunnel was large, and the tunnel was built under a dense residential area. Therefore, 
monitoring the ground behavior was very important. Ground displacement around the 
tunnel and induced surface subsidence were monitored continuously during the 
excavation as was the bearing load/stress of primary supports. The criteria for surface 
subsidence were set to 20 mm (3/4 inch) based on the allowable subsidence of a nearby 
gas line. The data obtained were checked and analyzed to evaluate the efficiency of the 
tunnel support system, including auxiliary measures. 

 

2.4.12.9 Vertical jet grouting  

The two-dimensional finite element calculations showed instability of the ground 
at the side of the tunnel; because of this instability, unfavorable surface subsidence 
resulting from the excavation of the upper middle bench was anticipated. The amount of 
subsidence after top bench excavation varied 10 to 20 mm (3/8 to 3/4 inch), and it was 
anticipated that it would increase further than the allowable limits. To stabilize the 
ground at the side of the tunnel and to reduce surface subsidence, additional ground 
improvement measures were required.  Vertical jet grouting 3.5 m (11.5 ft) in length and 
800 mm (32 in) in diameter, was performed at intervals of 1.0 m (3.3 ft), right under the 
feet of the top bench. The specifications are shown in Table 3. 

Table 3  Specification of vertical jet grouting 
Operation Specification Grout material specification 

Diameter 
(mm) 

Jet 
pressure 
(Mpa) 

Jetting 
rate 
(liters/m) 

Retraction 
rate 
(min/m) 

Cement 
(kN/m3) 

Water 
(kN/m3) 

Admixture 
(kN/m3) 

800 40 560 7 7.45 7.35 0.12 
Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 116. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

As the excavation work proceeded, it was noticed that lateral displacement of the 
ground toward the tunnel at the side of the upper middle bench was exceeding the results 
which were obtained from numerical analysis performed before the construction work 
began. This displacement indicated the concentration of shear strains near the foot of the 
upper middle bench. The jet grouting provided to control vertical surface subsidence did 
not effectively control the lateral displacements. Therefore, jet grouting was added in a 
deeper zone around the foot of upper middle bench as shown in Figure 9. 
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Figure 9  Horizontal and vertical jet grouting 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 117. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

2.4.12.10 Horizontal jet grouting 

Sections where abundant groundwater existed caused more surface subsidence 
and much infiltration into the tunnel. This infiltration caused the face to be muddy and to 
have insufficient bearing capacity for the primary support for the top bench. Therefore, 
horizontal jet grouting at the feet of the top bench was performed at those sections. The 
specifications are shown in Table 4. To form the improved ground ahead of the face at an  

Table 4  Specification of horizontal jet grouting 
Operation Specification Grout material specification 

Diameter 
(mm) 

Jet 
pressure 
(Mpa) 

Jetting 
rate 
(liters/m) 

Retraction 
rate 
(min/m) 

Cement 
(kN/m3) 

Water 
(kN/m3) 

Admixture 
(kN/m3) 

800 30 1000 10 7.45 7.35 0.12 
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Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 118. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

 
Figure 10  Pattern of horizontal jet grouting 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 118. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 
angle closer to horizontal (3 degrees plunging forward) and to prevent collapse of the 
face during the grouting operation, an 80 cm (32 inch) body of improved ground was 
formed between 9 m (29.5 ft) and 19 m (62.5 ft) ahead of the face as shown in Figure 10. 
By this method, it was found that surface subsidence was reduced up to half of that 
occurring without the body of improved ground.    

2.4.12.11 Temporary support piles 

The numerical analysis predicted the surface subsidence to be more than 10 mm 
(3/8 inch) during the excavation of the lower half of the tunnel. Therefore, it was decided 
to employ the temporary support piles to support the upper half of the lining structure 
during excavation of the lower half. Temporary support piles were installed after the 
excavation of the upper middle bench before the middle slab was cast. Steel piles (H-500 
x 500 x 25 x 25) were inserted to support these temporary piles. The piles were designed 
to carry the dead load of the upper lining and additional earth pressure from the ground.  

 

2.4.12.12 Conclusion 

It took 6 years for the completion of the project. Although the ground conditions 
were difficult, the use of additional support measures helped to minimize the damage on 
the neighborhood residences and facilities. The construction procedure was precisely 
planned and modified according to the monitoring of ground behavior. Figure 11 shows a 
view of the completed tunnel. 
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2.5 TBM 
The TBM method of tunneling is basically a mechanized form of construction in 

which the machine performs excavation, support lining, and transportation of the muck in 
a systematic and controlled manner; in addition, the machine has the capacity to be 
steered hydraulically. This method is one of the major technological innovations, and  

 
Figure 11  Completed double-tier tunnel 

Note: Adapted from “Construction of large cross-section double-tier Metropolitan Inter-city Highway 
(Ken-o-Do) Ome Tunnel by NATM” by K. Haruyama, S. Teramoto, and K. Taira, 2005, Tunnelling and 
Underground space technology, v 20, p. 118. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 
the performance and capability of the machine have been developed to a greater extent 
over the years. TBM is useful in various forms of ground categories like hard rock, soft 
rock, soft soil without cohesion, and soft soil with cohesion (immersed tunneling). 
Different types of TBMs and their applications are discussed in the subsequent chapters. 
Only the use of TBM in soft soil is discussed in this section.   

The TBM used for soft-ground applications has an effective protective shield that 
is mostly circular in cross-section. All of the components of the TBM are housed inside 
the shield, which in turn protects the labor force at the front while excavation is in 
progress. A shielded TBM mainly consists of a front face where the soil is excavated, a    
steering and control mechanism for forward movement, a muck conveyor system, a 
support and lining installation mechanism, and a backup part. The front face consists of 
the cutter wheel or drilling bits that bore the strata ahead of them. Generally, large pre-
cast concrete segments are used for lining the tunnel, which is erected with the help of a 
power erector arm. Depending on the material and the excavation method, the muck 
conveying system could consist of either trucks or belt conveyors. The backup part or tail 
part provides the necessary underground infrastructure for ventilation, the power supply, 
equipment transport, the grouting system, and other support systems.  

Modern TBMs typically have a shield that is integrated with the machine housed 
inside it. Depending on the type of geology and the rate of advancement required, the 
shield could be either single or double. In unstable geologies or where higher excavation 
speed is required, double-shielded TBMs are normally preferred. The single shield TBMs 
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are more suitable in hard rock geology and are less expensive compared to double-
shielded TBMs.  

2.5.1 Types of Shielded TBMs 
Ground subsidence control is the main purpose and mandatory requirement in 

urban tunneling. This control is normally achieved by maintaining the soil pressure 
during and after tunneling. Maintaining the soil pressure during tunneling is very difficult 
in conditions like mixed face, wherein the tunnel face has two different characteristics 
like rock in the lower portion and sand in the upper portion. TBMs that are specially 
modified with the addition of shields to maintain the positive face control are used in 
those situations. On the basis of their operating characteristics, shield TBMs can be 
classified into three types: 
(a) Air pressure or compressed air: This method is the oldest and imposes difficult 
working conditions because the workforce will be exposed to compressed air, and this 
exposure limits the amount of time the workforce can spend in the working area. The 
front part of the shield TBM consists of air locks that generate enough pressure to 
withhold the inflowing liquid from the saturated soil ahead. These kinds of TBM are 
mainly used for tunneling under water and highly saturated soils. 
(b) Slurry or fluid support machines: In this case, a fluid mixture under high variable 
pressure in an impermeable chamber will provide the counterpressure required to support 
the unstable ground at the cutting face. The density and viscosity of the fluid can be 
regulated according to the soil permeability. Modern automatic slurry control systems 
have been successful in the control of slurry pressure, the composition of the slurry, and 
the measurement of muck quantity.   
(c) EPB: This kind of shield TBM is mainly used for ground that is homogeneous, soft, 
and cohesive. Unfavorable ground conditions like mixed face with a high water table, 
where the crown consists of sand and where the invert consists of clay, pose problems for 
tunneling. The EPB shield has proven to be successful for tunneling in soft ground in 
homogeneous soils. The hard and sticky clay causes the progress of the machine to be 
slow, whereas the cohesionless sand in the crown flows down into the machine. 
Instrumentation results favor the use of EPB shields in mixed-face environments. 

2.5.2 Limitations of TBM in Soil 
The conditions that are unsuitable for adopting the TBM method are summarized 

as follows (Girmscheid and Schexnayder 2003): 
• Raveling ground. 
• Extremely squeezing ground. 
• Soft rock. 
• Unstable or crumbling rock. 
• Mud. 
• Water bearing rock. 
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2.5.3 TBM Pilot and Enlargement Method.  

2.5.3.1 Introduction  

The New Tomei-Meishin Expressway tunnels in Japan (Miura et al. 2003) which 
are more than 2 km (1.24 miles) long were excavated by using the TBM pilot and 
enlargement method. These tunnels have a very large cross section of approximately 190 
sq m (2045 sq ft) excavation areas and an excavation width of approximately 18 m (59 
ft). Because there are no other examples of tunnels with such huge cross section tunnels 
anywhere in the world, various problems were encountered regarding the technical 
configuration, the support structure to be adopted, and the safe and efficient construction 
of the group of tunnels. The TBM pilot and enlargement method was used after trial 
construction was conducted and the results were found to be favorable and economical 
for the construction of large cross-section tunnels. 

 

2.5.3.2 General profile of the tunnel 

In Japan, three-centered arch or five-centered arch cross sections are generally 
adopted for large cross-section tunnels. However, three-centered arches are known to be 
stable as the excavation volume increases. The height/width ratios of large cross-section 
tunnels in Japan are normally 0.65 and higher. Hence, the ratio value of 0.65 was 
adopted. The two-dimensional FEM analysis was used to check the stability of the tunnel 
lining and the ground. Based on the results, the single-centered arch cross section as 
shown in Figure 12 was found to attain good stability and economical efficiency. 

 
Figure 12  Standard cross section of New Tomei-Meishin Expressway tunnels  

Note: Adapted from “Study on design and construction method for the New Tomei-Meishin expressway 
tunnels” by K. Miura, H. Yagi, H. Shiroma and K. Takekuni, 2003, Tunnelling and Underground space 
technology, v 18, p. 273. Copyright 2003 by Elsevier Ltd.. Reprinted with permission. 
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2.5.3.3 Support material 

The conventional support materials used, like shotcrete, steel supports, rock bolts, 
and lining, were developed further in order to decrease the usual longer excavation cycle 
time and to increase the quality of the construction work. Table 5 shows a comparison of 
the standard specifications of support materials used for the New Tomei-Meishin tunnels 
and the conventional specification for support materials used for two-lane or three-lane 
tunnels. High strength shotcrete and steel fiber-reinforced shotcrete decrease the lining 
thickness and help to replace the steel arch support in good ground conditions. 
Excavation efficiency and economical efficiency are achieved by using lightweight steel 
support. High strength rock bolts improve the tunnel stability. The performance of these 
support materials has been confirmed by laboratory tests. In addition, it has been proven 
that, in comparison with using the conventional support pattern, using these materials can 
reduce construction cost.  

Table 5  Standard specifications of support materials 
Specification Support 

materials Usually use (two-lane or three-lane 
tunnels) 

New Tomei-Meishin 
tunnels 

Shotcrete σ28 day = 18 N/mm2  
σ 1 day = 5 N/mm2  

 

σ28 day = 36 N/mm2  
σ 1 day = 10 N/mm2  
σ 3 hr = 2 N/mm2  

 
Shotcrete Plain shotcrete 

 
Steel fiber reinforced  

 
Steel arch support SS400 

Tensile strength 
450-510 N/mm2 

Yield point 
245 N/mm2 

 

SS540/HT590 
Tensile strength 

590 N/mm2 

Yield point 
440 N/mm2 

Rock bolt Yield strength, steel 
120-180 kN 

Yield strength, steel 
180-290 kN 

 
Lining σ28 day = 18 N/mm2  

 
σ28 day = 30 N/mm2  

 
Note: Adapted from “Study on design and construction method for the New Tomei-Meishin expressway 
tunnels” by K. Miura, H. Yagi, H. Shiroma and K. Takekuni, 2003, Tunnelling and Underground space 
technology, v 18, p. 274. Copyright 2003 by Elsevier Ltd. Adapted with permission. 

 

2.5.3.4 Excavation method 

Three excavation methods were proposed as part of the plan. First is the 
conventional top heading excavation method which is best utilized in good ground 
conditions. Second is the side drift method, which would be established at the portal 
department if the ground lacked bearing stress. Third is the center diaphragm excavation 
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method, which is efficient for poor ground conditions. Knowing the ground conditions in 
advance will help determine which countermeasures are suitable for dealing with the 
stability of the tunnel face, water seepage, and settlement of the foot.  

The center drift advanced method by a TBM was performed on a trial 
construction. In this phase, a pilot tunnel of 5.0 m (16.4 ft) diameter as shown in Figure 
13 was bored by the high speed TBM to assess the ground conditions. 

 
Figure 13  Position of TBM pilot tunnel  

Note: Adapted from “Study on design and construction method for the New Tomei-Meishin expressway 
tunnels” by K. Miura, H. Yagi, H. Shiroma and K. Takekuni, 2003, Tunnelling and Underground space 
technology, v 18, p. 275. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 
A pilot tunnel has many advantages in tunneling such as those listed here: 

•  The ground condition can be assessed in advance. 
• The tunnel face can be stabilized by draining, and by using advanced 

reinforcement. 
• The excavation advance is faster when the full cross section is enlarged. 
• Appropriate support measures can be adopted because the ground condition is 

known. 
• Economy is obtained when the explosion is performed while the full face is being 

enlarged. 
• The efficiency of ventilation during construction is increased.  

After the ground conditions have been assessed, the excavation method is chosen 
with the help of the flow chart shown in Figure 14. Several trials showed that the TBM 
pilot and the enlargement method is the most economical method provided that it satisfies 
the following conditions; 

• The tunnel length is 1.5 km (0.93 mile) or longer. 
• The ground condition is fair. 
• The tunnel location is suitable for the installation of the TBM. 

When fault zones and water inflow exist along the length of the tunnel, tunnel 
excavation means of center drift advancing without TBM is applicable. 

 

2.5.3.5 Conclusion 

The trial construction on the sites and the laboratory tests yielded the following 
conclusions; 
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•  A three-centered arch cross section was a stable and economical shape for the 
New Tomei-Meishin Expressway tunnels. 

• The development of new support materials makes it possible to construct tunnels 
stably and economically. 

• The flowchart shown in Figure 14 helps in the selection of the appropriate 
excavation method for different ground conditions. 

• The TBM pilot and enlargement method is the effective method of excavations 
for long tunnels with good ground conditions, because it maintains the stability of 
face and improves the efficiency of the excavation. 

 
Figure 14  Flowchart for the selection of excavation method 

Note: Adapted from “Study on design and construction method for the New Tomei-Meishin expressway 
tunnels” by K. Miura, H. Yagi, H. Shiroma and K. Takekuni, 2003, Tunnelling and Underground space 
technology, v 18, p. 275. Copyright 2003 by Elsevier Ltd. Reprinted with permission. 
 

2.5.4 Case Study - The Developing Parallel-Link Excavation (DPLEX) Shield  

2.5.4.1 Introduction 

The shield tunneling method (Kashima et al. 1996) allows for the excavation of 
tunnels of various cross sections. There is a need for the proper utilization of the 
underground space in dense urban areas, and the shield tunneling method effectively 
addresses the situation.  

The excavation mechanism in the shield tunneling method is unique. The cutting 
face, which has the shape of the tunnel cross section, is equipped with several cutters; 
each of the cutters is rotated by a parallel-link mechanism. The cutting face is supported 
by the pressure of the excavated soil. A typical cutter face of the shield is shown in 
Figure 15.  
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Figure 15  DPLEX shield model 

Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunneling and underground space technology, vol.11, No.1, p. 45. Copyright 1996 
by Elsevier limited. Adapted with permission. 
 

This section intends to demonstrate the performance of the excavation mechanism 
of the shield, the cutting face support, and so on. For this purpose, an experimental shield 
having a rectangular cross section of 1.04 m x 1.35 m (3.4 ft x 4.4 ft) was fabricated to 
excavate artificial grounds such as sand, gravel, and compacted soil.  

The segmental ring is in the shape of a rounded rectangle, and this shape is 
preferred to a square or oblong (four-sided figure) because it can reduce the bending 
moment acting at the center of the span and at the corners. To confirm the stability of the 
segment ring and to validate the design of the segment, a segment ring of dimensions 3.0 
m x 3.0 m (9.8 ft x 9.8 ft) was fabricated and put to a load ring test. 

 

2.5.4.2 Experiment for development of DPLEX Shield  

Figure 16 shows the experimental shield with a rectangular cross section. Figure 
17 shows the sectional views of the experimental shield. 

 
Figure 16  Experimental DPLEX shield - Rectangular cross section 
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Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunneling and underground space technology, vol.11, No.1, p. 45. Copyright 1996 
by Elsevier limited. Reprinted with permission. 
 

 
Figure 17 Experimental shield having a rectangular cross section 

Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunneling and underground space technology, vol.11, No.1, p. 46. Copyright 1996 
by Elsevier limited. Adapted with permission. 
 

Various types of artificial grounds (fine sand, compacted sands, gravel, and gravel 
with cobbles) were prepared in a soil tank. The soil was excavated to check the 
excavation performance, cutting face stability and so on as demonstrated in Figure 18.  

 
Figure 18  Excavation of artificial ground 

Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunneling and underground space technology, vol.11, No.1, p. 46, copyright 1996 
by Elsevier limited. Adapted with permission. 
 

2.5.4.3 Experimental results 

• The cutter torque was approximately 0.5-0.7 tf-m for fine sand and gravel and 0.6-
0.75 tf-m for compacted sand. The excavation speed was 1.5 cm/min (0.6 
inch/min), and the maximum torque increased when the cutter encountered cobbles. 

• Excavated soil could be made uniform by the injection of an agent for making 
muddy soil and by the use of mixing blades fitted at the back of the cutter. The 
pressure of the muddy soil could be kept constant. 
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• The shield position was in control and pitching and rolling were negligible. 
• The mucked muddy soil in both sand and gravel had a slump of 7-14 cm (2.7-5.5 

inches) and a moisture content of 27% to 29%. In the case of cobbles, 30% to 40% 
of them were crushed between the mixing blades and the chamber hood.   

 

2.5.4.4 Conclusions from the experimental results  

• The experiment showed that the parallel-link type excavation mechanism of the 
DPLEX shield can be applied in various types of ground safely and effectively. In 
addition, the torque required for the excavation is relatively small. 

• The performance of the DPLEX shield is comparable to that of circular muddy-soil 
pressure shield with respect to mixing of excavated soil and the stability of the 
cutting face in sand and gravel. 

 

2.5.4.5 Ring load test for development of rounded rectangle segment ring 

A segment ring 3.3 m x 3.0 m (10.8 ft x 9.8 ft), the cross section of which is 
shown in Figure 19, was fabricated and subjected to a ring load test. The load was exerted 
at four points in the center of the ring span. The loading pattern was made on the basis of 
the soil condition and the load condition from the ground. The segment was made of 
reinforcing concrete (flat type), and the joints were steel plate and bolted joints. 

 
Figure 19  Rounded rectangle segment shape 

Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunneling and underground space technology, vol.11, No.1, p. 47. Copyright 1996 
by Elsevier limited. Reprinted with permission. 
 

2.5.4.6 Experimental results and summary 

• The theoretical values obtained from the common methods of design and the beam-
spring model were used to compare the results of the actual experiment. Here the 
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effective flexural rigidity has been taken into account. The displacement values 
obtained were within the range of the theoretical values. Therefore, it is acceptable 
to design a DPLEX segment by using the above-mentioned design techniques. 

• The strain in the reinforcing bar was smaller than the one calculated by a beam-
spring model. In addition, the condition of cracking did not show any weak points 
in the ring. Thus, it was confirmed that the segment structure was safe enough to 
withstand any possible loads. 

• It was also confirmed that the joint structure with conventional steel plate and bolts, 
which are used for circular shields, is effective. 

 

2.5.4.7 Flood control sewerage tunnel in Japan 

This structure is mainly a flood-control sewerage tunnel in Narashino city of 
Tokyo, Japan which employs a combined system of sewerage utilizing the natural flow of 
water; and therefore, a certain limit of the level of the conduit bottom was set. The 
DPLEX shield method was adopted because the road running along the construction site 
was not very wide and because there were pipes and cables embedded in the ground 
above the tunnel to be constructed. 

Here a single DPLEX is used to excavate two tunnels. The rounded rectangular 
cross section is 4.2 m (13.8 ft) wide and 3.8 m (12.5 ft) high. The clear distance between 
the tunnel walls is 60 cm (24 ft). The overburden is varies from 3-4 m (9.8-13.1 ft). The 
soil is a diluvial layer of fine sand. The route length is 810 m (2658 ft), which contains a 
sharp curve of radius 50 m (164 ft).    

 

2.5.4.8 DPLEX shield 

The DPLEX shield used in this project consists of a shield which has four drive 
shafts and a cutter frame that has a rounded rectangular cross section that in turn is driven 
by the parallel-link motion of the cutters. Concrete segments of width 1.0 m (3.3 ft) were 
used in straight sections and, steel supports were used in the sharply curved sections (R = 
50 m (164 ft), etc.). The main specifications of the DPLEX shield are shown in Table 6. 

 

2.5.4.9 Shield excavation condition 

(a) Cutter torque: The cutter torque of this shield is lower than that of a conventional 
circular shield having the same cross-sectional area. The cutter torque required for 
excavation in this project was 1/4 to 1/5 of the rated torque. 



 

35 

Table 6  DPLEX shield specifications 

Shell outside size 4.38 m (W) x 3.98 m (H) 

Cutter torque 88 tf-m (at hydraulic pressure 210 kgf/cm2) 

Cutter speed 0-4 rpm 

Shield jack 1780 tf (100 tf x 7,120 tf x 9) 

Screw conveyor φ 470 mm 

Note: Adapted from “Development and application of the DPLEX shield method” by Y. Kashima, N. 
Kondo. M, Inoue, 1996, Tunnelling and underground space technology, vol.11, No.1, p. 49. Copyright 
1996 by Elsevier limited. Adapted with permission. 
 
(b) Jack thrust: The thrust of the DPLEX shield is comparable to that of a conventional 
circular shield jack. The actual thrust required for excavation was 600 to 700 tf, which is 
about 1/3 of the rated thrust. 
(c) Control of rolling: The rolling of the rectangular shield makes it difficult to assemble 
the segments or secure a required cross section. Therefore, rolling must be strictly 
controlled. In this project, the rolling of the shield was controlled to within +0.3 degrees 
by manipulating the rolling correction jack and changing the direction of cutter rotation. 
(d) Control of earth pressure: Because of the overburden and soil configuration of the 
construction site, the soil pressure was controlled within the range of 0.9 to1.4 kgf/cm2 
during excavation. As a result, the settlement of the ground surface was not more than 
approximately 10 mm (3/8 inch). 
 

2.5.4.10 Conclusion 

Various conditions involved in the project, such as the rounded rectangular   cross 
section of the tunnels, small overburden, extremely short distance between the tunnels, 
and sharp curves, were easily overcome by using the DPLEX shield method. The surface 
of the ground and the houses in the neighborhood were unaffected 

 On the basis of the results of the excavation tests with a shield and segment ring 
load test and on the application in the above-discussed project, it has been established 
that the DPLEX shield method is a new shield method that permits tunnels of a desired 
cross section to be excavated even in water-bearing situations. It has also been 
established that the unique cutter systems (eccentric multi-shaft cutters) of this shield 
require a lower cutter torque and reduce cutter bit wear. This DPLEX shield method is 
known to offer advantages in terms of economy and durability. 

2.6 Comparison between NATM and TBM Methods 
NATM and the TBM methods of tunneling present their own unique advantages, 

as well as disadvantages. NATM is proven to be more economical, whereas TBM is less 
time consuming is safe.  

Table 7 lists the comparisons between NATM and TBM methods of tunneling. 
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Table 7  Comparison between NATM and TBM Method 
Item NATM TBM 
Tunnel cross 
section 
 

Desired cross section and 
size of the tunnel can be 
achieved 

Cross section has to be of a constant 
shape, and the size is limited 
 

Safety during 
construction 
 

Moderately safe. Ground 
failure and  water seepage 
may pose serious problems 
if proper precautions are 
not taken 
 

Safe. Shield TBM provides safety against 
ground failure 
 

Tunneling 
method 
 

Labor oriented  Highly mechanized process 
 

Investment 
 

Low because  of  the 
availability of standard 
mechanical equipments 
locally 
 

High because TBM has to be fabricated, 
transported and assembled 
 

Labor costs 
 

Low because it requires 
relatively less skilled labor 

High, requiring skilled labor to operate 
the TBM 
 

Construction 
period 
 

Longer  duration because it 
involves excavation, 
ground support, lining, 
muck removal, muck 
transportation 
 

Comparatively short. Only the initial 
setting up of the machine consumes time; 
later, it is a continuous process unless 
major obstacles are encountered like 
mixed face condition, which may involve 
changing the cutter 
 

 
 
 

Table 7  Comparison between NATM and TBM Method (continued) 
 

Item NATM TBM 
Mobilization 
period 
 

Short because standard 
equipments are used 
 

Long because of procurement and 
initial installation 
 

Ground 
condition 
 

NATM is more economical for 
mixed ground conditions, where 
the tunnel passes from soft to 
hard ground, or vice-versa 
 

TBM is more efficient in relatively 
homogeneous ground,  because it is 
very difficult to change cutters 
during the tunneling process 
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CHAPTER 3 
3 TUNNELING THROUGH ROCK 

3.1 Introduction 
Rocks are hard materials that compose the earth’s outer shell and may be 

classified into three main types: igneous, sedimentary, and metamorphic. Unlike soft 
ground, which can be excavated readily by using tools like spades or picks and shovels, 
rocks are very hard and must be disintegrated by means of drilling, blasting, and boring.  
The ease with which rock can be drilled (drillability) depends upon its mineral 
composition and hardness, its texture and friability, and its density and upon the general 
structure of the formation.  Tunneling in hard rock is mainly done by using the following 
three methods: 

• D & B. 
• Road-headers and Boom-cutters.  
• TBM. 

3.2 D & B 
This method was the first commonly used method of tunneling in rock. 

Gunpowder was used for blasting but was later replaced by dynamite because it was safer 
than gunpowder.  Powered drills were used to loosen the rock and make a number of 
holes to place the explosives, which were detonated, causing rock to be broken. The rock 
fragments or the muck are later removed by using mechanical shovels and convey 
muckers. This method was used before the advent of TBMs because it was the only 
method that was economical for tunneling over a longer length in hard rock, where 
digging was not possible. 

3.2.1 Blasting hazards 
Using explosives for the blasting of rock may pose hazards, which are as listed 

here: 
• Damage to the surrounding structures can be caused by the transfer of explosive 

shocks. 
• Premature explosion resulting from accidental ignition of the explosive is a 

possibility. 
• One or more holes in a blasting circuit may not detonate and working near the 

circuit is dangerous. 
• Burning of the explosives will give out toxic gases that are harmful when inhaled. 

All of these factors pose many difficulties for tunneling personnel and also cause damage 
to nearby structures.  The advent of the TBMs solved the problems to the maximum 
extent possible and hence is widely used all over the world.  

3.2.2 Scope for Improvement 
The D & B process repeats in a cyclic manner. The cycling time depends upon the 

heading sequence, the length of advance, and the required temporary ground support at 
the face and heading. To improve the competitiveness of the D & B method, two areas 
need improvement. They are the heading area, and the rear area. Figure 20 shows the 
areas and their respective functional zones where different processes take place Increased 
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performance and decreased cost can be obtained with the introduction of mechanized 
processes in the heading area through the use of highly automated, robotic, and 
specialized equipment for excavation and through further mechanization of the 
simultaneous movement of all support infrastructure services in the rear area.  

 
Figure 20  D & B functional areas with backup system 

Note: Adapted from “Drill and Blast Tunneling Practices” by G. Girmscheid, and C. Schexnayder, 2002, 
Practice periodical on structural design and construction, Vol. 7, No. 3, p. 127. Copyright 2002 by ASCE. 
Reprinted with permission. 
 

Steel platforms suspended from the roof will help to improve the rear area 
operations. Tunnel drilling/blasting operations and the transportation of the muck can be 
efficiently carried out by separating the storage and working areas in the rear of the 
heading and by carefully coordinating transport flows. 

3.3 Road-Headers and Boom-Cutters 
When soft to medium hard rocks (compressive strength approximately lower than 

103 MN/m2 (15 ksi)) are encountered, mechanized excavators like road headers and 
boom-cutters offer flexibility in tunneling. The road-header consists of a spherical 
rotating cutting head that is generally laced with tungsten carbide cutting bits, which 
break the rock. Road-headers and boom-cutters of several types, powers, and sizes have 
been developed from their widespread usage in mining. The ability to excavate strong 
rock and to limit wear of the picks depends as much on the overall stiffness of the 
machine (i.e. the combination of mass, limited mechanical clearances between elements 
of the system, sturdiness of design, and support of the machine to minimize ‘chatter’) as  
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Figure 21  Road-header  

Note: Adapted from “http://www.antraquip.info/images/pic08.jpeg”, Antraquip corporation, Accessed on 
8/12/06. Copyright  by Antraquip corporation. Reprinted with permission. 
 
on its power (Wood 2000). Road-headers are generally used as an alternative to the D & 
B method when the rock pattern encountered is not hard. Strong rock causes high wear 
and low productivity. Figure 21 shows a typical road header with cutting head and cutting 
bits. 

Although, road-headers and boom-cutters are known to be employed in soft to 
medium rock tunneling, harder rocks have been occasionally tunneled as in the case of 
Mitcham tunnel in Australia. Four powerful road-headers were used to dig Mitcham’s 
twin 1.6 km (1 mile) tunnels in hard rock. Each road-header had the capacity to advance 
around 15 m (50 ft) per week through the hard rock and could cut cross sections 6.6 m 
(22 ft) high and 9.1 m (30 ft) wide.  

As rock strength and especially silica content increase, the performance of road 
headers drops off dramatically; the reasons for this decrease are as follows (Neil et al. 
1994): 

• The inability of the cutting tools to take high penetration force. 
• The inability of the machines to maintain the bit in the cut. 
• The low mass available to react to the required force. 
• The lack of understanding about the relationship of the physical properties of the 

rock related to cutting forces. 

3.4 TBM Method 
One of the most sophisticated mechanized processes of tunneling in hard rock is 

TBMs; with this method  a continuous process of tunneling excavation is achieved that  
includes cutting the rock, removing the muck through conveyors, and providing 
temporary support and lining the face of the tunnel.  This method is more cost effective 
than conventional methods such as the sequential operations of D & B. TBMs are used to 
excavate circular cross section tunnels through a wide variety of geology ranging from 
soils to hard rock. 

The use of TBMs is mainly governed by economic considerations involving 
project costs and schedule deadlines. The conventional means of tunneling, such as D & 
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B are used when the length of the tunnel is small, beyond which TBM applications 
become practical and economical. TBMs used to have limited flexibility in their 
capability of coping with different ground conditions. Factors such as the ground’s 
condition, gripping capacity, stability, and deformability must be evaluated to lessen the 
risks that may erupt later. The advancements in TBM technology demonstrate its 
capability to efficiently handle the above-discussed factors. Case studies have shown that 
if some additional protective measures are taken like shotcrete and rock-bolt support, 
steel-netting and so on, TBMs provide effective protection against rock burst and while 
constructing tunnels on fault zone (Liu and Liang 2000).  

Along the length of the tunnel, different mediums may be encountered, like rock 
and soil, wherein TBM can be used for tunneling the rock portion and wherein other 
methods or shield TBM can be used for tunneling the soil portion; the choice of the 
method depend on the length of the medium and on economic considerations. Modern 
day TBMs are capable of boring the whole length irrespective of different mediums. An 
8.2 km (5 mile) twin-bore tunnel for a high-speed freight and passenger line is being 
constructed to connect Spain and France; this tunnel which is expected to be completed in 
late 2008, connects the French town of Perpignan and Spanish town of Figueres, 
bypassing beneath the Pyrenees Mountains. Pre-fabricated concrete rings are used for this 
project; the twin tunnels, which are 25-35 m (82-115 ft) apart, are connected by galleries 
approximately 3.5 m (11.5 ft) in diameter that are located every 200 m (656 ft). Most of 
the tunnel passes through granite, but the last 2-3 km (1.2-1.9 miles) requires boring 
through soft soil. TBM is proposed for the project where the machine bores the rock and 
when the machine bores through the soil, a chemical will be injected into the soil in 
advance to make the equipment work efficiently.  

3.4.1 Different types of TBMs  
The different types of TBMs (Girmscheid and Schexnayder 2003) are as follows: 

• Gripper and enlargement. 
• Shielded. 
• Telescopic/double cylinder/gripping jacket. 
 

3.4.1.1 Gripper and Enlargement TBM 

The gripper and the enlargement TBMs come under the open full-face gripping 
machine category. They are suitable in soils where the stand-up time is minimal. The 
condition in which soil collapse is common causes the gripper TBM to be buried behind 
the cutter head.  In such a situation, time is lost because the ground has to be grouted. 
Also, it takes substantial amount of time to clear the buried TBM and hence results in 
loss of time. Care should be given while site investigation is being done because, for a 
shielded cylinder if swelling ground is encountered, the shielded cylinder can become 
stuck.  Over-cutting tools, which create a larger excavation than the shield diameter does, 
can be used when slow deformation processes are the concern. In such ground conditions, 
it is advisable to use the conventional D & B excavation techniques. 

Figure 22 show a view of the gripper TBM. The machine’s two major operations 
are the excavation/driving and supporting, and the haulage and installation assembly.  
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The cutter head is the main functional component that pierces the tunnel. The machine 
conveyor carries out all of the muck. 

 
Figure 22  Gripper TBM  

Note: Adapted from “Tunnel Boring Machines” by G. Girmscheid, and C. Schexnayder, 2003, Practice 
periodical on structural design and construction, Vol. 8, No. 3, p. 151. Copyright 2003 by ASCE. 
Reprinted with permission. 

 
The enlargement TBM consists of two separate machines, a pilot tunnel gripper 

TBM and an enlargement TBM.  They act in a sequence in which the pilot heading is 
being driven by the pilot gripper TBM along the entire length of the tunnel, after which 
the enlargement TBM is used to cut the tunnel in the path of the previously drilled pilot 
heading.   

Figure 23 shows a view of the enlargement TBM. The pilot head TBM drills a 
tunnel about 4-4.6 m (13-15 ft) in diameter; then the enlargement TBM further enlarges 
the diameter to 7.6 m (25 ft). The advantage of using the enlargement TBM is that the 
pilot TBM weighs less and is smaller. Also, the enlargement TBM can be dismantled into 
straightforward basic elements. 

3.4.1.2 Shielded TBM 

In Shielded TBMs, a steel cylinder protects the entire machine. The shield 
protects workers from the rock fragments and the dust particles. The shielded TBM is a 
two-part system that involves boring and segmental lining erection activities. 

 
Figure 23  Enlargement TBM in factory 
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Note: Adapted from “Tunnel Boring Machines” by G. Girmscheid, and C. Schexnayder, 2003, Practice 
periodical on structural design and construction, Vol. 8, No. 3, p. 156. Copyright 2003 by ASCE. 
Reprinted with permission. 
 

Figure 24, a schematic representation of the shielded TBM, shows the entire machine 
components housed inside a shield core.  The linings are placed onto the tunnel face 
immediately after the shield tail enters the tunnel. 

A new TBM concept called the Universal Double-Shield TBM was developed for 
the 7 km (4.3 mile) long Abdalajis tunnel in Spain by the manufacturers, the Robbins 
Company and Mitsubishi Heavy Industries, with cooperation from the contractors, Seli 
and Jager Bau (Weber 2005). 

 
Figure 24  Shielded TBM Schematic 

Note: Adapted from “Tunnel Boring Machines” by G. Girmscheid, and C. Schexnayder, 2003, Practice 
periodical on structural design and construction, Vol. 8, No. 3, p. 151. Copyright 2003 by ASCE. 
Reprinted with permission. 
 
The main features of the DSU TBM are: 
• It has the shortest possible length for a double shield (11.7 m (38 ft)). 
• The flat-face cutter head is designed to reduce the frictional forces and to support the 

rock face. 
• Muck flow is controlled by the hydraulically actuated muck buckets. 
• The annulus between the rock and the segmental lining in squeezing ground is 

increased by the over-cutting facilities of the machine. 
• To reduce the friction forces along the shield surface, the machine is designed with a 

concentric shield arrangement that involves a constant reduction of the shield 
diameter. 

• The machine possesses ground treatment facilities such as foam and resin injections 
and drilling facilities for forepiling around the whole circumference. 

3.4.1.3 Telescopic TBM 

The Telescopic TBM is used in ground conditions which have the tendency to 
cave in (collapse) or is friable (crumbling) or where groundwater is absent. The 
segmental lining is installed within the shield. The telescopic shield TBM is also known 
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as a twin-shield TBM or as a gripping jacket TBM and was developed to increase the 
rates of advance of shielded TBMs when segmental linings are used. The twin-shield 
system simultaneously provides the advance and the installation of the segments. In the 
boring stroke, the telescopic shield advances, giving sometime for the rear contact shield 
to advance after the linings are erected. 

Figure 25 show the views of the telescopic shielded TBM, which is divided into 
three sections:  

• The front shield with the cutter head. 
• The telescopic shield in the central section. 
• The rear contact shield with the tail shield for installing the segments. 
 

 
Figure 25  Front shield of the Telescopic Shielded TBM 

Note: Adapted from “Tunnel Boring Machines” by G. Girmscheid, and C. Schexnayder, 2003, Practice 
periodical on structural design and construction, Vol. 8, No. 3, p. 158. Copyright 2003 by ASCE. 
Reprinted with permission. 
 

3.4.2 Geotechnical factors affecting selection of different TBMs 
The ground condition that lies ahead of the tunneling face is the deciding factor in 

selecting the type of TBM to be adopted for that particular condition. The TBM 
excavation control system was developed to realize the accurate prediction of the 
geological condition ahead of and surrounding face simultaneously with excavation 

(Yamamoto et al. 2003). 
      The Favorable conditions for adopting the Gripper/ Enlargement TBMs are as 
follows: 

• This TBM functions best in ground that is stable and fault free. 
• Rock compressive strength should lay between 100 MN/m2 and 300 MN/m2 (14.5 

ksi and 43.5 ksi). 
• Rock-splitting strength should amount to 25 + 5 MN/m2 (3.63 + 0.73 ksi). 
• Rock Quality Designation (RQD) index should be 50-100%. 
• Fissure gap should be 60 cm (24 inch). 

The favorable conditions for adopting the shielded TBMs are as follows: 
• This TBM is suitable even when ground classes tend to collapse. 
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• Rock compressive strength should lie between 100 and 300 MN/m2 (14.5 ksi and 
43.5 ksi ). 

• Rock-splitting strength should amount to 25 + 5 MN/m2 (3.63 + 0.73 ksi). 
• RQD index should be 50 ± 10%. 
• This TBM works efficiently even in a relatively low rock compressive strength of 

50 ± 5 MN/m2 (7.3 ± 0.73 ksi) and a low rock-splitting strength of 5 ± 0.5 MN/m2 

(730 ± 73 psi). 
The favorable conditions for adopting the telescopic/double cylinder/gripping jacket 
TBMs are as follows: 

• Using the shielded TBM or telescopic TBM with segments installed in the shield 
cylinder is very advantageous, particularly in tunnels of large diameters. 

• This TBM is used in ground having a tendency to cave in or crumble, or where 
groundwater is absent. 

 

3.4.3 Unfavorable conditions for TBM method 
The conditions which are unsuitable for adopting TBM method are summarized 

as follows: 
• Raveling ground. 
• Extremely squeezing ground. 
• Soft rock. 
• Unstable or crumbling rock. 
• Mud. 
• Water bearing rock. 

In these conditions where TBM is not recommended for use, conventional methods of D 
& B can be adopted.  

The identification of possible hazard-causing factors is vital to a project’s success. 
Doing so allows the engineers to clarify the prevailing conditions at the site, to assess the 
possible dangers induced from tunneling operations, to change or adjust the tunneling 
specifications to counteract the possible problems, and to introduce measures to improve 
the geotechnical characteristics of the sub-surface in a pro-active approach (Benardos and 
Kaliampakos 2004).  

3.4.4 Tunnels in Squeezing Rock  
In the NATM mode of tunneling, shotcrete is applied to the tunnel walls, thus 

forming a thin and flexible shell. In squeezing rock conditions (Lackner et al. 2002), 
excessive deformations are induced on the shell, and the shell may cause strains that are 
un-sustainable for the conventional shotcrete. Segmented lining or segmented concrete 
shells were used to protect the shell from damage. However, the gaps between the 
segments pose problems such as water seepage, and, more important a concentration of 
stresses at the joints. According to Pottler (1997), the support resistance for such linings 
would decrease to a very low level. The circumferential axial stresses in the segments 
cannot be transferred efficiently over the gaps. To make the joints efficient, the gaps 
between the segments were installed with buckling elements that acted like ductile 
support systems. Continuous improvement of these buckling elements led to the 
development of the more recent Lining Stress Controllers (LSCs). These LSCs are 
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concentric steel cylinders with a nearly bilinear load-deformation behavior (Schubert and 
Moritz 1998).  

3.4.5 Case Study – Shield Tunneling Technology 

3.4.5.1 Introduction 

The shield tunneling method (Koyama 2003) was employed in Japan in various 
forms in the open face, hand mining, air compression pressure, and EPB method. With 
the EPB method, it was possible to maintain stability of the face even in soft clay ground. 
Grouting and tail seal was used to control the ground movements. The construction of 
tunnels under severe conditions requires new techniques and new innovations in design 
techniques. This review contains discussions of the present shield tunneling techniques in 
Japan and the new design techniques. 

3.4.5.2 Areas requiring new design techniques 

The high density urban populations and occupied surface land mass make it 
necessary for railways, roadways, water supply systems, sewerage, electric power lines, 
and telecommunications networks to be constructed underground. It is more that a route 
through such areas will be exposed to varied geological conditions. The underground 
space itself is complicated because of different utility lines passing through it. Therefore 
there is a need to study the economic utilization of the underground space and to research 
solutions to complicated situations.  

The main technical topics that require new techniques are as follows: 
• Long distance excavation. 
• Large overburden excavation. 
• Large face excavation.  
• Automatic excavation. 
• Special cross-section shield. 
• Expansion and reduction of shield. 
• Branching and confluent. 
• Construction with a sharp curve. 

3.4.5.3 Present status of shield tunneling method in Japan 

Figure 26 shows the present overview of the tunnel diameter and their cross-
sectional appearances. Under high water pressure the maximum earth pressure achieved 
is 0.9 MN/m2 (130 psi), and the smallest curve radius of the tunnel is 20 m (66 ft).  

Figure 26 shows the construction of various types of cross section tunnels. 
Specially shaped shields that have been developed to construct such tunnels include the 
Multi-circular Face shield method (MF shield), Double-O-Tube shield (DOT shield), 
DPLEX shield. 

The MF shield is a slurry shield used to construct flat tunnels with different 
cutting faces at different positions. Cutter head positions are adjusted to avoid their 
interfering with one another.  
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The DOT is an earth pressure balanced type for flat tunnel construction. Two 
spoke cutter wheels of the shield rotate in opposite directions on the same plane. 

The DPLEX is a new method where the earth pressure balanced type shield is 
modified. Here the cutter frame is fitted with rotating shafts at right angles. Therefore, 
rectangular cross-section tunnels are achieved. Also, because of its short shafts this shield 
reduces the cutter torque.  

 

 
Figure 26  Sequence of a large face excavation and a large overburden excavation 
Note: Adapted from “Present status and technology of shield tunneling method in Japan” by Y. Koyama, 
2003, Tunnelling and Underground Space Technology, Vol. 18, p. 146. Copyright 2003 by Elsevier 
Science Ltd. Reprinted with permission. 
 

3.4.5.4 Present status of shield tunnel lining 

Reinforced Concrete (RC), steel, cast iron, or a composite of steel and concrete 
are used for segments of tunnel linings. RC segments that are box shaped were used in 
early times. Figure 27 shows a typical RC box segment. To reduce the deficient area, 
plane type segments as shown in Figure 28 have been used. In the case of metal fittings 
when strong rigidity is required, a small box made from cast iron as in Figure 29 is used. 
For connecting segments, bolts and welds are appropriately used. 
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Figure 27  RC box segment 

Note: Adapted from “Present status and technology of shield tunneling method in Japan” by Y. Koyama, 
2003, Tunnelling and Underground Space Technology, Vol. 18, p. 148. Copyright 2003 by Elsevier 
Science Ltd. Reprinted with permission. 
 

3.4.5.5 Scope for improvement in segmental lining 

The conventional method of joining segments with bolts consumes a substantial 
amount of time. Special equipment is needed for erection. Also, the cost of metal joints is 
high. Automatic erection has disadvantages with regard to bolt joints and leads to errors. 
Therefore, an innovation in segment joint is needed. 

The feasibility of erecting the segments needs to be studied because segments 
with larger widths have been recently used. The joints, which are the weakest points, 
need to be studied. Also, the effect of the distribution of stresses in the axial direction 
needs to be investigated.   

The thickness of the segments depends on the bearing capacity of soil, and on the 
earth pressure, and water pressure. However, the construction technique is the factor that 
influences the lining thickness. Therefore, design methods for this technique require 
attention. 

 
Figure 28  Metallic parts type of RC plane segment 
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Note: Adapted from “Present status and technology of shield tunneling method in Japan” by Y. Koyama, 
2003, Tunnelling and Underground Space Technology, Vol. 18, p. 148. Copyright 2003 by Elsevier 
Science Ltd. Reprinted with permission. 
 

 
Figure 29  Ductile parts of  joint type of RC plane segment 

Note: Adapted from “Present status and technology of shield tunneling method in Japan” by Y. Koyama, 
2003, Tunnelling and Underground Space Technology, Vol. 18, p. 148. Copyright 2003 by Elsevier 
Science Ltd. Reprinted with permission. 
 

3.4.5.6 Present status of design method for shield tunnels 

Various design models are studied to find the stress in each part of the segmental 
lining so that the stress does not exceed the allowable limits. The design models take into 
consideration the interaction between the ground and the lining.  
(a) Structural models 

 Until recently, the uniform rigidity ring model was applied. Here the 
circumferential joint is assumed to have the same rigidity as that of the segment, hence 
the joint was overestimated. Therefore, this method was not feasible. The multi hinge 
model is not applied. An average uniform rigidity ring model was proposed as a means of 
compensating for the faults of the uniform rigidity ring model. In this model, deformation 
of the ring with joints is compared to deformation without joints. It was not possible to 
use this model to calculate actual distribution of the bending moment. Therefore the beam 
spring model has been applied recently. 

In the beam spring model, segments are modeled with beams. The circumferential 
joints are modeled by the rotation of springs, and their rigidities are expressed by the 
constants of the springs in relation to the bending moments. 
(b) Interaction model for simple circular tunnels 

Two types of interaction models have been proposed, One is finite element 
analysis, the other is a method using beam elements to represent the tunnel lining, which 
carries the earth pressure, water pressure and dead weight. Finite element analysis is not 
widely accepted. Different models have been proposed for the method that uses beam 
elements. They can be categorized into three types: 

a) The tunnel is assumed to be made of a rigid material, and the soil reaction is 
determined to be independent of the tunnel deformation caused by active loads.  
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b) The soil reaction is determined in consideration of the tunnel deformation caused 
by active loads (known as the ‘full-circumferential spring model’).  

c) In addition to the condition stated above in (b), the shape is simplified. 
Two modeling methods are practiced for earth and pore water pressures. The first 

one does not separate the two pressures and is applied to ground of low permeability, 
such as clayey soil. In the second one, modeling is separated into two parts, one for earth 
pressure and the other for pore water pressures. The model is applied to grounds of high 
permeability, such as sandy soil. The earth pressure is divided into two parts, vertical 
earth pressure and horizontal earth pressure. 

Vertical earth pressure has two causes; one is the overburden earth pressure and 
other one is the soil shear strength. The soil shear strength is calculated by using 
Terzaghi’s formula. The horizontal earth pressure is assumed to increase with depth and 
is calculated by multiplying the vertical earth pressure with a coefficient of the horizontal 
earth pressure. 

The ‘soil reaction’ is assumed to have a value that corresponds to tunnel 
deformation and displacement and is modeled as ground springs located along the 
periphery of the tunnel. The ‘water pressure’ on the tunnel is assumed to act in the 
direction of the center of the ring, which increases in the direction of depth from the 
ground water level. 

3.4.5.7 Earth pressure and water pressure affecting shield tunnels  

In only a few cases involving closed type shield tunnels, loads affecting the lining 
segments and the occurring strain are measured. The earth pressure (effective earth 
pressure and water pressure) is measured by means of earth pressure meters placed 
behind the segments. There are a number of cases in which the water pressure has been 
measured by means of measurement of groundwater flowing into bored holes that are 
constructed from grouting holes in segments and extending through the segmental lining. 

Table 8 shows the measurement results of effective earth pressure and total earth 
pressure resulting from the long term loads on simple circular shield tunnels. The earth 
pressure action on a tunnel over a long period depends on the strain of the soil near the 
surface of the tunnel. The strain conditions are estimated from the ground displacements 
near the tunnel face. The strain of the ground near the tunnel depends upon the 
operational control of the shield, the method of backfill grouting and so on.  
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Table 8  Measurement results  
Soil profile Effective earth pressure Total earth pressure 
Clayey alluvia Never equal to 0 Nil or rock bolts 

 
Clayey 
diluvium 

Always equal to 0 Rock bolts, shotcrete, etc. 
 

Sandy alluvia Small Variety of means of support 
according to conditions 
 

Sandy 
diluvium  

Equal to 0 Segmental lining or shotcrete, 
etc. 
 

Gravel alluvia 30% of total earth pressure Segmental lining 
 
 

Gravel 
diluvium 

If Ground water level is high, 
Effective earth pressure is 
equal to 0. 

 

If effective earth pressure is 
dominant, then total earth 
pressure is uneven. 

 

3.4.5.8 Factors influencing the action of loads on tunnels 

(a) Influence of backfill grouting 
A test was conducted to confirm the influence of backfill grouting on the EPB 

shield tunnel. The following results were obtained from the test. 
• If the backfill grouting pressure is low, the earth pressure is small, and its 

distribution is uniform in all ground conditions. 
• If the backfill grouting pressure is high, the earth pressure is high, and its 

distribution is uneven in all ground conditions. 
(b) Influence of operational control 

Although the ground condition is uniform, the deformation modes vary across the 
length and breadth of the tunnel. The reason for the differences in deformation modes is 
difficult to explain by using a model in which the earth pressure and water pressure act on 
the tunnel. Comparing these deformation data with excavation data reveals that the 
modes with the shorter side at the top occur at curved line sections. These modes 
probably result from the conflict between the segmental rings and the shield tails. The 
operational control remarkably influences the action of loads on tunnels and the 
subsequent deformation. 

 
(c) Influence of impermanent loads in excavation 
The action of loads on the segments, becomes maximum when the shield machine is 
driven through the tunnel. The segments are subjected to pressures twice that of the 
ground pressure when the tail brushes pass through them. This pressure is only 
momentary.  
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The temporary pressure imparted on the segments when the shield is driven along 
a sharp curve does not affect the stability directly. However, this pressure cause cracks 
and spalling of segments and a leakage of water; and then the quality of segments, 
consequently, decreases. 

3.4.5.9 Issues for segment design and Research & Development trends 

The following two hypotheses will hold for designing the segments when a design 
methodology is adopted that is based on the above-mentioned long-term earth pressure 
and water pressure. 

• The tunnel deformation calculated in designing a tunnel is subject to the action 
earth pressure (including the soil reaction) and water pressure on the tunnel. 

• The tunnel deformation before the tunnel reaches the long-term stable condition is 
smaller than that under the stable condition. 

The above two points not hold in actuality for the following reasons: 
• Other than earth pressure and water pressure, the temporary loads and the existence 

of backfill grouting also cause the tunnel to deform. 
• The ground deformation during construction depends not only on the ground 

condition but also on the construction condition, and intensive ground failure 
sometimes occurs because of backfill grouting. 

The above two issues show that segment designing requires a detailed knowledge 
of construction conditions. It is also important to evaluate the effect of jacking forces in 
the longitudinal direction because they act directly in the direction of tunnel axis. The 
loads during the construction stage should be properly included in the design. It is 
necessary to develop a simple measuring system with which to grasp the behavior of 
tunnel and ground during construction, collect measured data and accumulate experience. 

3.4.5.10 Conclusion 

In Japan, good progress has been made in the techniques for shield tunneling 
 construction. With these techniques it is, now possible to tunnel in many severe 
conditions. New techniques in segment design have recently been developed from the 
traditional methods, which are based on experience; however the design of segments has 
not kept pace with the progress of constructional techniques. 

This drawback cannot be considered as a factor when a new shield tunneling 
method is being adopted. Because, there has been good progress between construction 
and design in the shield tunneling method, solutions for these problems are required. 
Then, it is important to understand the actual behavior of tunnel and ground during the 
construction procedure and in their stable state in the long term by collecting and 
analyzing the information obtained and results of observations. 
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3.4.6 Case study - Construction of the Qinling Tunnel 

3.4.6.1 Introduction 

The Qinling Tunnel (Liu and Liang 2000) was mainly built for the railway lines in 
the Northern Qinling Mountains in Shaanxi Province, China. The project is a very 
difficult one because of the geology and the terrain, which is composed of high 
mountains and deep valleys. Various design and construction plans like D & B, TBM, 
and the combination of the two were studied. Various aspects of tunneling were evaluated 
by experts, contractors, and several TBM makers overseas. Because of these evaluations 
many technical problems were solved. The project commenced on January 1995. This 
section briefly discusses the major engineering technical problems encountered with 
respect to the Qinling tunnel which was constructed with the use of the TBM method.   

3.4.6.2 General plan of the Qinling Tunnel 

Two parallel single tracks were adopted for the tunnel because this configuration 
has advantages in terms of maintenance, accident prevention, and rescue after an 
accident. Because, conditions were not conducive to constructing inclined shafts to the 
tunnel; it was proposed that a parallel exploratory hole be drilled alongside one of the 
proposed single-track tunnel; this hole then could be used for geological studies and as an 
access path to break the construction barrier for the TBM. The tunneling machine to 
produce an space 8.8 m diameter for single track tunnel was proposed over the 11.0 m 
(36 ft) double-line tunnel because of its better technical conditions and reliability of 
construction. 

Both the single-line and the double-line tunnels have similar construction periods. 
The cost of the double-line tunnel is 15-20% lower than that of the single-line tunnel. 
However, if two single-track tunnels are constructed, one of them can be built and opened 
to traffic, and the other can be constructed later. In this case, investment is lower, 
management is easier, and construction and equipment handling are optimal. Therefore, 
the two parallel single-track tunnel scheme was adopted. Tunnel No. 1 is 18.452 km long, 
and No. 2 is 18.456 km (11.46 mile) long. TBM is used for the Tunnel No. 1, and Tunnel 
No. 2 will be constructed later by the D & B method. 

The ventilation provided for operation of the No. 1 tunnel of the super-long tunnel 
is the longitudinal inducing type. Inside the tunnel there are special rooms for tunnel 
operations at regular intervals. Between the Tunnel No. 1 and No. 2, there is a connecting 
gallery at every 420 m (1377 ft). All disaster prevention measures such as accident 
reporting systems, emergency telephones, emergency indication lights, provisions for 
rescue of fire accident victims on passenger trains and others has been installed.      

3.4.6.3 Cross section of the Qinling tunnel 

Tunnel No. 1 is a horseshoe shaped tunnel which was built using the TBM 
method whereas Tunnel No. 2 was constructed by the D & B method. The center-cut 
heading of Tunnel No. 2 was completed first, by the D & B method to serve as the 
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parallel pioneer bore for the construction of Tunnel no. 1; later the dimensions of Tunnel 
No. 2 were enlarged to those of the design cross section. 

Tunnel No. 2 takes into account the space occupied by utilities such as contact net 
suspenders, lower anchorage units, electrical cables, and drains. The thickness of the 
structure, the convergence strain of the surrounding rock, and the allowable construction 
error have to be considered while arriving at the theoretical diameter of the TBM 
excavating face is being determined.  Two types of lining, combined lining and steel fiber 
shotcrete lining, are used in accordance with the type of surrounding rock. A theoretical 
diameter of the TBM excavating face of 0.8 m (2.6 ft) was derived after taking all the 
above factors were taken into consideration. 

 Special rooms in the tunnel are designed for the assembling, adjusting, launching 
and disassembling the TBM. Because, the TBM is a long assembly (230 m (755 ft) in this 
case), an assembling space is required at the entrance of the tunnel. Therefore, a section 
of the tunnel with a larger cross section called the TBM preparation section is provided 
close to the end of the tunnel. Another section of the lined tunnel called the TBM 
launching section, should be prepared. The TBM begins at the preparation section, and 
ends at the launching section. 

As the TBM advances along the tunneling path, pre-fabricated concrete segments 
in the shape of an inverted arch are placed along the bottom of the tunnel. This procedure 
adds the necessary support to the track for the flatbed cars following the boring machine. 

Apart from the conventional classification of surrounding rock for the design of 
tunnel lining, other factors such as the degree of integrity, the development of crevices, 
the state of rock blasting, and the  underground water content should be taken into 
account. Combined lining and steel fiber shotcrete lining are the two kinds of lining used. 

3.4.6.4 Organizational planning in tunnel construction 

The parallel heading is first constructed and broken through in the position of the 
central line of the Tunnel No. 2. This heading will be used as TBM’s dis-assembly 
cavern. After the processes of tunneling, providing preliminary support, lining with 
shotcrete are completed by the two TBM’s, and the track bed is laid. Later, the final 
lining work and the installation of the tunnel facilities will be completed. The 
construction period of the parallel heading is tentatively fixed at 43 months, with an 
average driving length of 200 m/month (656 ft/month) at one face. The period for TBM 
construction is proposed to be 28 months. 

Proper transportation of the excavated material is a key point in TBM 
construction. For this purpose, a four-rail two-track system was adopted. One cycle of 
boring, which travels a length of 1.8 m (6 ft), produces a mine output of 195 m3 (5522 
ft3). Two trains carry the mine output in turns, with each train capable of transporting 1 
cycle’s worth of mine output each time. There are sites for the assembly of the boring 
machine, a mechanical repairs workshop, a marshalling yard, a pre-casting yard for the 
inverted arch, and so on outside the ends of the tunnel.  

A power supply, both temporary and permanent, is provided for the boring 
machine. The power consumption for each set of the boring machine is 5900 KW.  The 
water consumption for the TBM is 1 m3 (28.3 ft3) for every 1 m3 (28.3 ft3) of mining. This 
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water requirement is met by the rivers that pass at both ends of the tunnel. Necessary 
treatment plants to treat the water will be established. 

 

3.4.6.5 Ventilation during TBM construction 

The long-distance wind-pipe with forced-in ventilation has been used for 
ventilation during construction of the super long tunnel which is more than 10 km (16.1 
mile) long. Air-volume of 30 m3/s (850 ft3/s) and a wind velocity of 0.5 m/s (1.6 ft/s) will 
be maintained near the boring machine. Calculations and analysis show that, for 9.5 km 
(5.9 mile) tunnel length, a air-volume of 50-60 m3/s (1415-1700 ft3/s), a wind pressure of 
6.9 MN/m2(1 ksi) and a maximum wind velocity of 16 m/s (52.5 ft/s) are required. These 
requirements are satisfied by using two fans at the portal and a supercharge fan in the 
tunnel. For a length in the range of 3-6 km (1.8-3.7 mile), only two fans are needed at the 
portal; for lengths less than 3 km (1.8 mile), one fan is sufficient.   

 

3.4.6.6 Construction methods for poor geology section 

Thirteen fault zones, most of which are lithified, pass through the tunnel. The 
biggest fault zone is composed of boulder clay and cataclasite. Shotcrete and rock-bolt 
support, steel frame supports, and when necessary grouting can be used to pass through 
ordinary faults. Drilling and blasting can also be used to pass through fault zones.  

Rock bursts may occur because of the stresses generated during construction.  
Therefore, protective measures will be taken during construction, such as shotcrete and 
rock-bolt support, and affixing a steel net to shelter the operation site. 

 

3.4.6.7 Conclusion 

Because the tunnel is very long, the project will present many new problems to be 
solved. During the phases of construction, the engineer tends to learn from the process 
and to apply ways to address the problems encountered. The design becomes more and 
more refined as construction proceeds. 

 

3.4.7 Case study - Belgium’s longest high-speed rail tunnel  

3.4.7.1 Introduction 

 The High-Speed Rail Tunnel, Brussels to Cologne is being designed by 
consultants, Tuc Rail, Brussels and the contractors are Vinci construction Grand Projects, 
Paris, and CFE, Brussels. The cost of the 10.5 km (6.5 miles), long single tube project is 
estimated to be USD 177 million and its expected completion period is 2007.  

 



 

55 

3.4.7.2 Geology of the site 

The type of geology along the length of the tunnel consisted of several types of 
rock formations comprising of limestone, and also consisted of two types of shale 
formations that contained sandstone layers. The presence of old exploited coal seams that 
had not been backfilled or had been backfilled with poor materials also posed a challenge 
for constructing the tunnel.   

3.4.7.3 Geological tests 

The proposed route had a maximum overburden of 127 m (417 ft). As part of the 
geology test, 105 core borings were taken, and samples for a length of 8 km (5 miles) 
were collected. Laboratory tests, and blasting tests were conducted, along with a 70 m 
(230 ft) long exploratory adit. 

 

3.4.7.4 Method of construction 

The initial excavation plan was as follows: 
• TBM in the first two shale areas which consist of a 3300 m (2 mile) of 

Westphalian shale at the west end of the tunnel and a 1900 m (1.2 mile) of 
Namurian shale at the east end of the tunnel.  

• Drill and Blast method for a 650 m (0.4 mile) long limestone area located 
approximately at the center of the tunnel. 
The discovery of 1 m (3.3 ft) thick continuous hard sandstone layers along the 

route forced construction engineers to abandon TBM and adopt the D & B method. The 
varying type of cutter face of the tunnel makes it difficult to adopt a particular type of 
cutter blade.  

3.4.7.5 Construction plan 

The plan consisted of four simultaneous excavations to reduce the excavation 
time.  The excavations began from the westward and eastward ends of the tunnel at the 
towns of Vaux-sous-chevremont and Ayeneux towns, respectively. A temporary shaft 30 
m (98 ft) deep and 30 m (98 ft) wide was dug between the limestone and Namurian shale 
regions in a valley called Bay Bonnet. The tunnel was simultaneously excavated both 
eastward and westward from this shaft. Three-armed wheeled robots drilled the blasting 
holes thus making it unnecessary for construction personnel to do this dangerous task. 

 

3.4.7.6 Cross-section and lining of the tunnel 

The tunnel has an interior diameter of 10.3 m (34 ft) which is sufficient for one 
set of tracks running in each direction. The cross section is 69 m2 (743 ft2), although the 

excavated cross section averages 110 m2 (1184 ft2). The outer shell of the tunnel was 20-
30 cm (7.9-11.8 inch) thick, made of steel fiber-reinforced shotcrete (35 kg (77 lb) of 
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steel fibers per m3 (ft3) of concrete). In addition, reinforcing bolts 4-6 m (13-19.7 ft) long, 
and both solid and latticed steel girders were used. The final lining takes the form of a 
horse-shoe shaped concrete shell, which was cast in place. Between the two shells, an 
impervious drainage layer is placed which consists of a drainage mat 8 mm (0.3 inch) 
thick on the top wall and side walls and 20 mm (0.79 inch) thick under the tunnel floor. 
This layer is said to be an innovation for the Belgian tunnels. Two 400 mm (16 inch) 
diameter drains on either sides of the tunnel sufficiently drain off the water from the 
entire tunnel length.  

The instrumentation, convergence measurements, water seepage measurements, 
the geological features encountered, vibration measurements, and the results of weekly 
exploratory borings determined the type of steel beams to be used, the thickness of the  
shotcrete, the length and spacing of the bolts, the excavation span, and the blasting 
pattern. 

 

3.4.7.7 Ventilation of the tunnel 

The tunnel has a difference in elevation of 200 m (656 ft) between the western 
and eastern ends. This difference allows for natural airflow; hence, the tunnel does not 
require a ventilation system. The performance of this natural airflow will be tested and a 
booster system will be installed if necessary.  

 

3.4.7.8 Safety precautions 

Access ways for firefighters will be located at every three equidistant points along 
the length of the tunnel. In the event of fire or de-railment, passengers will be able to 
escape on foot via walkways on either side of the tunnel. 

During construction, D & B operations were limited to daylight hours and were 
prohibited on weekends to provide emergency relief to the construction personnel in the 
event of major or minor accidents. Noise reduction techniques were used because the 
construction took place near densely populated areas. 

 

3.4.7.9 Conclusion 

Initial excavations were hampered because of the presence of coal seams that 
required systematic fore-piling or grouting. The four-pronged approach and the use of D 
& B method enabled the contractor to complete major construction within the assigned 
time. At its peak, the installation of inner shell was advancing at a rate of 24 meters a 
day. 
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3.5 Comparison between Drill/Blast and TBM Methods 
Although, D & B method of tunneling is economical, TBM is less time 

consuming and is safe. Safety is a major concern in D & B; here TBM takes precedence. 
Table 9 lists the comparisons between the D & B, and TBM methods of tunneling. 

Table 9  Comparisons between D & B method and TBM Method 
Item Drill and Blast  TBM 
Tunnel cross-
section 
 

Desired cross section and size 
of the tunnel can be achieved 
 

Cross section has to be of a constant 
shape, and size is limited 
 

Safety during 
construction 
 

Dangerous because 
explosives are used and late 
bursts are a major problem. 
Falling of loose rock 
fragments are common, and 
steel mesh is required to 
control the fall 
 

Very safe. When the rock is not hard, 
shield protects the workforce from 
falling rock fragments 
 

Labor costs 
 

High labor costs. Skilled 
labor required to handle the 
explosives whereas other 
operations required low 
skilled labor and hence have 
lower labor costs 
 

Low labor costs required compared to 
such cost required for D & B. Skilled 
labor required to operate the TBM 
 

Investment 
 

Low investment cost. It has 
medium cost efficiency for 
tunnel lengths 3 km (1.9 
miles) and longer, and this 
cost decreases as the length 
increases (Girmscheid and 
Schexnayder 2003) 
 

High investment cost. Results of 
research conducted at the Swiss Federal 
Institute of Technology indicate that 
TBM technology shows excellent cost 
efficiency in the case of tunnels longer 
than approximately 3 km (1.9 miles) 
(Girmscheid and Schexnayder 2003) 
 

Mobilization 
period 
 

Short time duration since all 
the Equipments used are 
standard and are locally 
available  
 

Long time duration for procurement 
and initial installation 
 

Tunneling 
method 
 

Labor-oriented cycle work 
 

Highly mechanized process 
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Table 9 Comparisons between D & B method and TBM Method (continued) 
 
Item Drill and Blast  TBM 
Construction 
period 
 

Long because it involves cyclic 
processes of drilling and 
blasting, muck removal and 
transportation  
 

Comparatively short. Only the initial 
setting up of the machine consumes 
time. Later, it is a continuous process 
unless major obstacles are 
encountered, like mixed face 
condition, which may involve 
changing the cutter  
 

Ground 
filling 
 

Blasting leads to creating big 
voids as huge chunks of rock 
fragments loosen and separate 
from the mass. Hence, the void 
filling consumes much of filler 
material 
 

TBM progresses smoothly along the 
path of the tunnel, and there are no 
voids created 
 

Efficiency Low  High 
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CHAPTER 4 
4 TUNNELING ACROSS WATER 

4.1 Introduction 
Transportation under water (river, sea, channel etc.) is very important because the 

time it reduces travel time. The usual ways of crossing water are bridges, vessels and so 
on. However, those ways are time consuming, and maintaining traffic becomes a problem 
because of the high transit density in urban areas. Constructing a tunnel under water is a 
viable method of easing the traffic density. The construction itself involves various 
complexities that require a decision be made about whether to construct the tunnel above 
the water bed or below it. This chapter contains discussions of the various methods of 
construction available for constructing a tunnel across a river, the difficulties 
encountered, and the factors necessitating the adopting of a particular construction 
method. The two main well known methods of tunneling under water are as follows: 

• Shield tunneling.  
• Immersed tunneling. 

The former method involves constructing the tunnel below the water bed by 
utilizing a boring machine encased inside a watertight shield. In the latter method, the 
tunnel is constructed above the water bed. This method involves transporting and 
assembling the pre-fabricated tunnel elements. 

 

4.2 Shield Tunneling 
Where mud, quicksand, or permeable earth is present in underwater tunneling, it 

becomes necessary to provide some means of holding back the water while the enclosing 
sections of the tunnel are placed in position.  For this purpose, the shield was devised.  
The shield tunneling is basically performed by a shielded TBM, the components of which 
are assembled outside the tunnel.  The forward end is closed by a diaphragm plate.  As 
the rock or earth is cut, the pneumatic shield is shoved forward into the earth by hydraulic 
rams; compressed air is used to keep seepage to a minimum. The use of this pneumatic 
shield is now universal for tunneling under a water bed.  The actual cutting is performed 
by huge rotating cutter heads, each with up to fifty separate cutters; these heads are 
capable of penetrating 12.5 mm (1/2 inch) per revolution.  

 

4.2.1 Soil conditions favoring Shield Construction 
The different soil profiles leading to the decision to adopt shielded construction 

are as follows: 
• Weak non-cohesive soils: Running sand and loose gravel or silt cannot be 

excavated by conventional soft-ground tunneling techniques. In such 
circumstances, shield construction can be used; which also facilitates better 
control of ground settlement.  

• Weak plastic soils: Soft plastic clays that have a critical water content become 
liquefied during excavation.  Therefore, shielding is used to control liquefaction. 

• Soils under water pressure: Groundwater for tunnels under water is a major 
problem, in which case usage of Shields is effective. 
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4.2.2 Working of the Shield-driven TBM 
The Heinenoord tunnel, built under the river Oude Maas in the Netherlands is a 

classic case study of shielded construction. The working face of the shield has to 
sufficiently withstand the earth and water pressure because of the water-bearing loose 
soil; to prevent ground collapse the lining has to be installed immediately after the cavity 
is drilled.  In a slurry shield, the face is supported by a pressurized liquid, and the soil is 
excavated over the full face with a cutting wheel, that bears the tools.  The plenum is 
separated from the completed tunnel by a pressure wall. The working area is divided into 
two parts by the diaphragm wall, the space in front of which is completely filled with a 
liquid.  The liquid is pressurized to the extent of supporting the face. The excavated soil 
mixes with the liquid and is later pumped out of the cavity.  The cutting wheel consists of 
spokes with blades. The driving jacks are supported on the installed lining rings.  

 

4.2.3 Tunnel Lining  
Segments are designed to be able to withstand the earth pressure, the hydrostatic 

pressure, and the jacking forces induced as a result of thrusting the shield inwards. In 
addition to being watertight, segments are installed in the mix shield by using a vacuum 
erector. Watertight concrete and steel are normally used to make the segments. Each 
segment is connected to the other segment by various methods like cam and pocket, or 
tongue and groove. The cam and pocket arrangement helps in transferring the coupling 
forces. This capacity is primarily useful when the segments absorb the driving jack forces 
and during the assembly of the segments. The tongue and groove arrangement is not 
effective as the cam and pocket arrangement has been found to be because the former 
arrangement allows for stress concentration near the joint; and hence, the joint is a 
potential point of failure. After the segments are placed, the joints are sealed with a 
waterproofing material.  

4.3 Immersed Tunneling 
River-crossing tunnels are also constructed by dredging a trench on the riverbed 

and then lowering pre-fabricated tunnel sections through the water into the trench, where 
they are connected to each other. This method is called immersed tunneling.  The trench 
and tunnel are then covered. Often, to speed construction, work is started at both ends. 
This approach poses no problem with the cut-and-cover method, however when the 
tunnel is bored, the tubes must meet in the center. Modern methods accomplish this 
meeting with high precision. 

 

4.3.1 Reasons for adopting Immersed tunneling 
The main factors leading to the adaptation of immersed tunneling method are as 

follows: 
• The length of the tunnel is small, (e.g. less than half a mile). 
• Constructing a bridge over the river is sometimes not practical possible because 

larger ships require more clearance height. Moreover, access ramps consume 
more space on the banks. 
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• A movable segment bridge would lead to an obstacle for road traffic, and for 
seagoing vessels. 

• Contractors may have limited experience with constructing bored tunnels. 

4.3.2 Typical profile of a Immersed tunnel 
The Second Benelux Tunnel built across the river Meuse in the Netherlands is a 

good case study of Immersed tunneling.  The tunnel consists of two access ramps and an 
immersed part as shown in Figure 30. The immersed part consists of six tunnel elements, 
which in turn consist of seven segments. The tunnel element has a cross section 
consisting of six tubes with an adjoining escape gallery. 

 
Figure 30 Typical profile of Immersed tunnel 

The cross section of the tunnel is either steel shell or concrete depending on the 
previous experience in the specific region or country. In the USA, steel shell tunnels are 
common; concrete tunnels are often used in Europe, and both concepts are common in 
Japan. The structure of a steel shell tunnel consists of relatively thin-walled composite 
steel and concrete rings, whereas concrete tunnels are monolithic structures (Saveur and 
Grantz 2001). 

 

4.3.3 Construction sequences of Immersed tunneling 
The planning of the construction activity is summarized step by step here: 

• The tunnel elements are built in a casting basin.  
• Ramming of the sheet pile walls starts at the access ramps.  
• Excavation and pile-driving activities are executed.  
• The underwater concrete floor is poured.  
• The first excavations are drained. 
• The tunnel elements are transported and immersed. 
• Finishing (road pavement construction, lighting installation, etc.) of the tunnel 

elements and access ramps is accomplished. 
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4.3.4 Soil profile below the riverbed 
The soil under the riverbed is generally composed of weak sand, clay and peat-

moor layers. A layer of clay (thickness up to 2 m (6.5 ft)) that has low sounding values 
may also be present at some locations. The layer underneath of the clay layer may have 
sand locally disturbed by clay lenses.  The bearing capacity of soil is insignificant 
because the buoyancy of the water tends to keep the immersed tube afloat. 

 

4.3.5 Placing the tunnel elements 
The various stages of construction are summarized as follows: 

(a) Floatation: When the elements are ready for transportation, the casting basin is 
inundated; and this leads to the partial floating of the element. The dike between the basin 
and the river is dredged; the element is then floated, shifted, and then moored at the 
fitting-out jetty. 
(b) Transport:  The transportation of the tunnel elements is normally accomplished by 
utilizing the tidal forces of the rivers between the casting basin and the tunnel site. To 
attain an efficient transport, the flows in the rivers have to be effectively used. 
(c) Immersing:  Before the elements are immersed, a trench will be dredged in the bed of 
the river. The immersing process is carried out with two catamarans serving as immersing 
pontoons. During the immersing process all the navigational traffic will be stopped. After 
the final element has been placed, wedges will be placed in the construction joint which 
will later be loaded so that the tunnel elements are pressed against each other and better 
bonding develops. 
(d) Sand flow method:  The sand flow method is used to place a layer of graded sand 
between the underwater concrete bed and the soffit of the tunnel elements. The sand-
water mix will be transported through a pipe system with fixed outlets in the soffit of the 
elements. This method will cause a well-known “sand-pancake” pattern to appear. 
Screeded bed ravels have been used for the foundation of immersed tunnels in the USA 
States and jetted sand or sand flow methods have been used in Europe (Grantz 2001).     
  

4.3.6 Salient features of construction 
The salient features of Immersed tunneling are as follows: 

• The amount of concrete to be used for the tunnel elements depends upon the 
freeboard required for the elements during the floating transport of the elements, 
and upon the required foundation pressure after immersing is carried out by 
means of adding ballast concrete after the elements have been placed. 

• It is not economical to use a higher quality of concrete for an immersed tunnel. 
• A cooling system is used when the concrete is poured in stages in the casting 

basin. 
• Vertical displacements of the two linked segments are prevented by introducing a 

concrete tooth in the floor slabs for the immersion joint. 
• The elements are subjected to pre-stressing to transport the tunnel elements. 
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4.3.7 Case study: Istanbul strait Immersed tunnel 
At 58 m (190 ft) deep, Istanbul strait tunnel crossing in Turkey (Ingerslev 2005) is 

the deepest ever immersed tunnel, followed by San Francisco’s 40 m (131 ft) deep Bay 
Area Rapid Transit (BART) tunnel. Apart from being the deepest ever tunnel, the project 
presented unusual features like continuous strong currents, seismic issues because of the 
presence of a fault, waterproofing requirements, and the method required to connect the 
adjacent bored tunnels to the immersed tunnel. This section contains a discussion of the 
strategies to be adopted to solve the problems faced. 

 

4.3.7.1 Issues associated with depth   

The external pressure and the long-term loading would be greater because of the 
greater depth, and it was felt that extra precautions were warranted to ensure that the 
product would have the design life intended. Because, a seismic event is predicted to 
occur in Istanbul during the design life, the tunnel had to be able to withstand the event 
and to be usable after the event. Waterproofing was of paramount importance because of 
the depth of the tunnel. The BART Tunnel, which is a single-shell steel tunnel, and 
sandwich-type steel tunnels have a waterproofing membrane in the form of an external 
steel plate. The contractor for this project is intending to use a steel membrane for the 
sides and base, and to use an adhering waterproofing sheet on the roof covered with 
protective waterproofed concrete slab. 

 

4.3.7.2 Continuous strong currents 

The currents through the Istanbul Strait are mainly driven by a difference in water 
level, and by a difference in salinity. Low currents make it easier to place the tunnel 
elements; and therefore, to reduce risk, forecasting the current is important. Previous 
projects utilized current forecasting, and the same procedure will be followed in this 
project. The contractor records the data, and a forecasting model is being developed and 
calibrated. To demonstrate that the proposed installation will work in strong currents, 
model testing is required. 

 

4.3.7.3 Seismic issues 

Displacements along the fault that are primarily slip migrate toward the tunnel 
and may have a serious effect on the stability. Hence, adhering to a seismic design 
requirement is a priority in this project. The minimum seismic design requirement for this 
project is termed the Design Basis Earthquake (DBE) and is based on a single-level 
design earthquake. Because of the importance of the structure, the DBE is a 7.5 moment 
magnitude earthquake. Three faults close to the tunneling site were chosen to develop a 
bedrock ground-motion forecast.  

The borehole data showed that the foundation soils were susceptible to 
liquefaction. To remove this risk, ground improvement was done by performing 
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compaction grouting. Seismic events will also cause the granular soil, whether or not they 
liquefy it, to suffer from post-seismic settlement. Sufficient space in the tunnel has to be 
provided so that a track alignment can still be provided within specification after the 
seismic event. Floodgates in the underwater section on each side of the tunnel were 
included in the event there is flooding resulting from a seismic event which is worse than 
forecast. These floodgates are provided to ensure that underwater section is isolated from 
the remaining below ground sections so that they could still be used. Ductility is ensured 
in the tunnel elements so that, although the tunnel may be damaged by overload resulting 
from a seismic event, it would not collapse. The seismic joints were flexible and ensured 
bored tunnel integrity at the union of the immersed tunnel and the bored tunnel.  

 

4.3.7.4 Geotechnical challenges 

The immersed tunnel bed contains clay, silt, and sand; and the adjacent tunnels 
are in rock. Rock tunnels will be bored by using slurry TBMs. The bores on the western 
side of the tunnel will be the world’s longest slurry shield bores. Inactive faults and high 
groundwater pressures exist in the heavily fractured sandstone rock. 

A trench will be excavated in the seabed to lay the immersed tunnel. The tunnel is 
placed and backfilled and later the soil that rebounds (heaves) is re-compressed. The 
tunnel elements should be placed so that they end up at the required elevations after 
considering all long-term and post-seismic settlements. 

 

4.3.7.5 Tunnel structure 

The immersed tunnel elements were constructed by making use of two dry docks 
near the site. The bottom and sides of the tunnel element are surrounded by a steel plate, 
and the sides are stiffened by steel plates. The top of the tunnel is temporarily braced 
until the roof is cast with concrete, and the ends are then sealed with watertight 
bulkheads. The lower half portion of the element is cast in a single operation and later, 
the partially completed element is transferred onto the floating pontoons. The remaining 
top half portion of the tunnel is cast on these floating pontoons, which act like working 
platforms.  

 

4.4 Comparison between Shielded and Immersed Methods 
Although, shielded tunneling is the best known method for tunnels below a water 

bed, Immersed method is the economical tunneling option for tunnel construction above 
waterbed. Table 10 lists the comparisons between shielded and immersed methods of 
tunneling. 
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Table 10 Comparisons between shielded constructions versus immersed method 
Item Shielded  Immersed  
Tunnel cross-
section 
 

Cross section has to be of a 
constant shape and size is 
limited 
 

Desired cross section and size 
of the tunnel can be achieved 
 

Place of 
construction 
 

Below water bed 
 

Above water bed 
 

Tunneling 
method 
 

Highly mechanized process 
 

Less mechanized. Only the 
floatation and immersing of the 
tunnel elements requires skill 
 

Investment 
 

The mechanical fabrication of 
shield and operation process 
requires high investment cost. 

Relatively lower cost as 
compared to shielded 
construction.  
 

Safety during 
construction 
 

Very safe. The shield provides 
safety against ground failure 
and flooding 
 

Floatation of the tunnel element 
is a very safe process. 
Immersing requires safe divers 
to guide the tunnel element onto 
the exact position 
 

Labor costs 
 

High labor costs. Skilled labor 
required 
 

Relatively lower because boring 
is not required. Skilled labor 
required while immersing and 
placing the elements on the 
foundation 
 

Construction 
period 
 

Short. Only the initial setting 
up of the machine consumes 
time. Later the process is 
continuous unless major 
obstacles are encountered, like 
mixed face condition, which 
may involve changing the 
cutter 
 

Comparatively shorter. The 
casting of the tunnel elements 
takes place in specially 
constructed casting basins. 
Later, the elements are floated 
and immersed; this procedure 
consumes less time than the 
shielded construction does  
 

Mobilization 
period 

Long  for procurement and 
initial installation 

Short duration because standard 
equipment is used and is locally 
available 
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CHAPTER 5 
5 TUNNEL SAFETY 

5.1 Introduction 
Tunnel safety is inarguably one of the important aspects of tunnel construction 

and maintenance not only in terms of the potential for catastrophic damage, but in terms 
of the risk of life. In comparison with the surface, a tunnel presents fewer options for 
escape in the event of a disaster. Hence, it is necessary to prioritize safety, maintenance, 
and disaster prevention during and after the tunnel construction phases. The increasing 
construction of tunnels worldwide necessitates following and implementing appropriate 
safety guidelines during the operation of the tunnel. Doing so will enhance safety in both 
the normal operational environment and emergency situations. In addition to establishing 
safety measures in road tunnel design, construction, and operation on the basis of 
anticipated consequences or events, developers of these measures improve the measures 
by considering past experiences related to several accidents involving fire, roof collapse, 
flooding, and other elements.   

The mode of safety guidelines to be followed depends upon whether the tunnel is 
in the construction phase or in the operational phase. On the basis of these phases, the 
tunnel safety measures have been divided into two divisions, namely, 

• Safety during construction. 
• Safety during operation. 

5.2 Safety During Construction 
Tunneling is a hazardous operation and may result in serious consequences to the 

workers and nearby property if proper safety practices are not followed. The sources of 
accidents while tunneling include the smaller work area available for the workers, poor 
temporary structures like platforms and scaffolding, unsafe usage of explosives, lack of 
proper safety training for the workers, inadequate lighting and ventilation, lack of 
coordination between workers, lack of sufficient experience in tunneling, lack of relevant 
information about the ground, and faulty design. Apart from the loss suffered in terms of 
life and property during an accident, the general work stoppage will lead to a loss of time 
for all personnel and equipment involved. It is therefore imperative that strict safety rules 
and regulations be instituted that in turn must be strictly obeyed by all the tunneling 
personnel. 

Major hazards and accidents during tunnel construction can be prevented by 
taking proper protective measures and following well defined safety guidelines. At one 
time, tunnel accidents claimed one life for each one-half mile of tunnel constructed. 
However, increased concern over construction safety led to improvements in the miners' 
working conditions (Bickel and Kuesel 1982). 

The protective measures to be taken to eliminate the hazards associated with 
underground activities include the following aspects (Department of Industrial Relations, 
2006): 

• Safety measures. 
• Air monitoring. 
• Ventilation. 
• Illumination. 
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• Communications. 
• Ground control. 
• Flood control. 
• Mechanical equipment. 
• Personal protective equipment. 
• Explosives. 
• Fire prevention and protection. 
• Emergency plan and precautions. 
 

5.2.1 Safety Measures 
Strict safety measures should be enforced at all working areas before the start of 

tunneling activities to minimize the accidents. Some of the important procedures to be 
followed to ensure safety in tunnel construction include 

• Effectively illuminating and ventilating the work area and gangways. 
• Using a trained and skilled workforce. 
• Using protective gear and equipments. 
• Holding regular safety meetings. 
• Displaying safety signboards at all prominent locations.  
• Utilizing an effective communication system among working areas, lift stations, 

and on-ground offices. 
• Using steel meshes or temporary formwork for the sides and roof of the tunnel for 

protection against the falling of loosened rock fragments. 
• Using adequate brakes, audible warning devices, and lights for the elevators, 

lifting and hoisting machines, haulage equipment, conveyors, and dump trucks. 
• Having a ready emergency medical care arrangement in case of an injury or 

accident to the workforce. 
• Utilizing good emergency and relief plans in case of ground collapse, flooding, 

fire, or release of poisonous gases. 
• Taking precautions while storing, transporting, and handling the explosives. 
 

5.2.2 Air Monitoring 
Air monitoring of the working areas during tunneling is necessary to determine 

proper ventilation and quantitative measurements of potentially hazardous gases like 
carbon monoxide; nitrogen dioxide; hydrogen sulfide; and other toxic gases, dusts, 
vapors, mists, and fumes. Quantitative tests for methane are performed to determine 
whether an operation is gassy or potentially gassy.  

Additional safety precautions are required during gassy operations and include 
• Using more stringent ventilation requirements. 
• Using an internal combustion engine only if it is approved for use in gassy 

conditions. 
• Displaying warning signs at prominent locations. 
• Prohibiting sources of ignition like smoking. 
• Carefully monitoring fire. 
• Suspending all operations in the affected areas. 
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• Using additional air monitoring. 
Continuous automatic air monitoring is provided for the heading, muck handling, 

and transfer points during tunneling using mechanical excavators. In tunneling in which 
conventional D & B methods are used, the air is tested for gas before re-entry by 
employees after blasting and continuously when employees are working underground. 
The oxygen level at normal atmospheric pressure is continuously monitored and is 
required to be in the range of 19.5-22%.  

 

5.2.3 Ventilation 
During tunnel operations, all underground work areas require adequate ventilation 

to prevent dangerous or harmful accumulations of dusts, fumes, vapors, or gases. 
Mechanical ventilation is arranged in work areas to provide reversible airflow, except in 
work areas in which natural ventilation is sufficiently adequate. Fans used for all 
ventilation systems should be arranged such that re-circulation of contaminated air is 
prevented. Care must be taken to prevent the exhaust of internal combustion engines from 
contaminating the fresh air. To reduce the dust particles from mixing with the fresh air, 
water is sprinkled on the muck pile, and in areas where drilling, grinding, or other dust 
producing operations occur. 

The minimum requirement of fresh air is 200 ft3/minute for each person 
underground. The Occupational Safety and Health Administration (OSHA) stipulate that 
the lineal velocity of air flow be at least 30 ft3/minute in conditions that produce harmful 
dusts or gases. The California Code of Regulations maintains that the lineal velocity of 
the airflow in the tunnel bore shall not be less than 60 ft3/minute in those tunnels in which 
blasting or rock drilling is conducted or where there are other conditions that are likely to 
produce dusts, fumes, vapors or gases in harmful quantities, except in tunnels or 
chambers more than 30 feet in diameter where the air flow may be reduced to 30 feet per 
minute provided air quality is maintained. 

 

5.2.4 Illumination  
Proper and adequate illumination is required during tunneling as in all 

construction operations. In conditions that demand using explosives, acceptable portable 
lighting equipment may be used within 50 ft of any heading. The minimum required 
illumination intensity is 5 foot-candles, although 10 foot-candles must be provided for the 
shaft heading during drilling and mucking. At least 2 foot-candles of illumination are 
required in completed areas of the tunnel and the invert where occasional work is 
conducted. 

 

5.2.5 Communications 
Utilizing an effective communication system among working areas, lift stations, 

and on-ground offices helps in enhancing the safety requirements during tunneling. In an 
emergency, a separate communication system independent of the tunnel power supply is 
of great importance during tunnel evacuation. Continuous communication should be 
maintained among all the important locations underground, such as the working face, 
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compressor plant, first aid station, lift stations, power station, and on ground-offices. 
Effective communication enables a quick reaction to the problems encountered by the 
tunneling personnel underground. Audible and visual warnings should be given before 
excavating or conveyor machinery is started. 

 

5.2.6 Ground control 
The work place inside the tunnel must not lose its stability after excavation and 

hence should be kept securely supported with temporary supports like steel frames, 
timber, shotcrete, wire mesh, and rock bolts so that the workers are not subjected to 
ground failure or loosening of the rock/soil fragments. The ground condition may dictate 
the use of additional support measures like using spiling and canopy tubes, probe drilling, 
infill shotcrete, long span steel pipe fore-piling with injection, horizontal jet grouting, 
temporary support piles, and ground freezing. When blasting is performed, the supports 
in the affected areas should be checked for stability; if required repairs should be made 
before the next operation. Care should be taken to provide adequate protection for 
workers exposed to the hazard of loose ground while installing support systems. To 
ensure safe access of employees and equipment portal openings and access areas should 
be adequately protected by sloping, benching, installing extra sets, wire mesh and/or rock 
bolts, shotcreting, or equivalent methods  
5.2.7 Flood Control 

Controlling the flooding of water during tunneling is necessary to maintain 
smooth work progress, to maintain the functionality of the temporary lining; to protect 
the temporary electrical fixtures and facilities, and to safeguard the workmen inside. 
California Code of Regulations stipulates that, whenever any workplace in a tunnel is 
being advanced within 200 ft of areas that contain or are likely to contain dangerous 
accumulations of water, gas, petroleum products, or mud, representative vertical test 
holes must be drilled from the surface where possible to determine whether a hazard is 
present. Where the likelihood of a dangerous accumulation does exist, horizontal test 
holes of sufficient depth shall be drilled in advance of such workings to ensure that at 
least 20 ft of tested ground remain beyond the face. Test holes 20 ft deep must also be 
drilled at angles of 45 degrees into the walls, roof, and floors when necessary. The 
ground has to be de-watered in advance for the tunneling work to progress. 

 

5.2.7 Mechanical equipment 
Mechanical equipments such as conveyors, locomotives, excavators, trucks, 

lifting and hoisting machines, elevators, and haulage equipment and others should have 
adequate brakes, audible warning devices, and indicator lights at the front and the rear 
end to indicate their presence and movement. The equipment should be regularly serviced 
and certified by a competent person.   

 

5.2.8 Personal protective equipment 
Safety glasses, rubber gloves, goggles, face shields, protective headgear with 

light, footwear, safety belts, waterproof clothing, fire-resistant clothing, ear protection, 
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and respirator protection should be made available to the tunnel personnel. It is 
mandatory to wear the equipment at all times during tunneling. 

5.2.9 Explosives 
Explosives must be handled by a fully qualified operator. Only required quantities 

of explosives should be taken underground. Transporting explosives into the tunnel must 
given prime importance ,and the explosives must be conveyed in a powder car. Both the 
mode of transportation of explosives and their storage places must be checked regularly 
for potential electrical hazards. At least two exits must be provided in tunnels in which 
explosives are stored.  

However, some state regulations like those of New York and New Jersey prohibit 
storage of explosives in tunnels in which men are employed. Smoking and other fire- 
causing activities should not be permitted near to the place in which explosives are 
stored. 

 

5.2.10 Fire Prevention and Protection  
Adequate firefighting equipment should be present at all times during tunneling.  

Extinguishers and fire hoses with outlets at prime points must be made available for use 
in the event of a fire break-out. Smoke masks and inhalators must be made available to 
the employees for safe exit when they are trapped by smoke or gas. Water should be used 
as the extinguishing agent in the working chamber. The working chamber must be free of 
highly combustible materials. The temporary head frames should be of steel, or the 
timber used must be adequately fireproofed. Flammable materials should not be stored 
near the tunnel openings and shafts.   

5.2.11 Emergency Plan and Precautions 
Emergency medical services and adequate first-aid materials must be made 

available near the primary access to the underground work area. Provisions should be 
made to ensure the availability of medical personnel for prompt medical aid in case of an 
injury or for consultation. Effective communication is a must for contacting emergency 
medical services and the first-aid station. A notice of the procedures used to contact these 
agencies should be prominently posted in the tunnel at appropriate locations. As a 
precautionary measure to handle emergency situations, all supervisors and at least one 
employee on each crew should have a valid certificate in first-aid training. 

The emergency plan includes items such as maps, ventilation controls, fire- 
fighting equipment, rescue procedures, evacuation plans, and communications. Every 
employee must have thorough knowledge of the emergency plan that outlines the duties 
and responsibilities of each key person so that each will know what is expected of that 
person should a fire, explosion, or other emergency occur. The plan should be posted 
conspicuously on the safety bulletin board and in the project office. Copies of the plan 
must be given to the local fire or designated off-site rescue teams. 
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5.3 Safety During Operation 
Tunnel safety and maintenance during the operation of the tunnel is very critical 

for the serviceability and life period of the tunnel and, more important for the safety of 
the traveling commuters. The major tunnel disasters in the Mont Blanc, Tauern, and 
Gotthard tunnels emphasize the need for giving priorities to the safety of tunnels.  The 
evaluation of tunnel safety measures is very significant because it enables the designers 
to ensure the optimal safety of the users and the personnel. In the case of an accident or 
some other emergency, the safety measures help to achieve objectives such as detecting 
abnormal situations and warning tunnel users; providing protection and evacuation routes 
for tunnel users, as well as access to rescuers; and assisting the self-protection of tunnel 
users and the fire fighting effects of tunnel users (Vuilleumier et al. 2002). 

Some of the general requirements for tunnel safety are as follows: 
• Using appropriate signboards for road traffic rules and warning signs for 

prohibited goods and vehicles. 
• Providing access to emergency exits at convenient locations in case of an 

emergency. 
• Broadcasting information and displaying electronic signals. 
• Installing emergency telephones at regular intervals. 
• Providing fire extinguishers, deluge water sprays or sprinklers all along the 

tunnel. 
• Monitoring the movement of men and vehicles inside the tunnel through closed 

circuit televisions.  
The tunnel control room is the information center for all tunnel operation 

activities. Personnel in the tunnel control room provide emergency assistance during 
traffic breakdown, surveil the activities, control ventilation and drainage, provide 
necessary communication to the tunnel personnel, and display electronic traffic messages. 
The control room personnel play a significant role in identifying and monitoring the 
traffic density so that vehicle pileup inside the tunnel. When the density of the traffic 
exceeds the limit or when there is an accident in the tunnel, these personnel give out 
information to users about the alternative routes to be taken to avoid the bottlenecking 
inside the tunnel.   Control room personnel act as monitoring the alarm signals and 
detection systems during emergencies and thereby provide emergency assistance. 

The important factors which govern the safety of tunnel operation are, 
• Fire. 
• Water leakage. 
• Tunnel ventilation. 
 

5.3.1 Fire    
Fire is unquestionably the most serious and potentially fatal hazard in tunnels.  

Fire protection in tunnels assumes utmost importance because of the possibility of a fire’s 
occurring as a result of vehicular collision, electric circuits, human errors, terrorist 
explosions, or to other unforeseen reasons. The lack of ventilation in very long tunnels 
makes them more susceptible to risks in the event of fire than shorter length tunnels have 
found to be. It is therefore imperative that the behavior of fire accompanied by heat and 
smoke in a tunnel to be carefully analyzed during the stages of design.  
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The most important areas of concentration related to road tunnel fire and safety 
are (Bendelius 2002) 

• Lessons from past disasters. 
• Safety concept for tunnel fires. 
• Structural resistance to fire. 
• Transverse ventilation. 
• Emergency exits. 
• Fire-specific safety equipment. 
• Fire response management. 
• Emergency ventilation system operation. 

The analysis of recent disastrous fires in tunnels revealed the inadequacies of the 
safety concept and led to the formation of new guidelines to prevent the occurrence of a 
similar disaster. The Mont Blanc Tunnel fire incident, the fire in the St. Gotthard Tunnel, 
and fire in the Channel Tunnel are some of the significant disasters which case histories 
that show critical deficiencies in the tunnel safety management procedures.   
 Mont Blanc tunnel between France and Italy is a road tunnel in the Alps that runs 
under the peak of Mont Blanc Mountain. It is approximately 11.6 km (7.25 miles) long, 
8.6 m (28.2 ft) wide. On March 24, 1999, a truck caught fire midway for unknown 
reasons poisonous fumes engulfed the whole tunnel and killed 41 people.  
 The concrete lining of the tunnel at the site of the fire was completely destroyed 
exposing the substrata through which the tunnel has been carved. The fire alarms did not 
respond quickly, there was no escape tunnel, the fumes caused poor visibility, and the 
temperatures rose up to 10000c (1832o F). Fire melted the asphalt and caused tires to 
explode. It took 3 years to completely restore the tunnel for normal traffic. As part of the 
tunnel renovation, computerized detection equipment, extra security bays, a parallel 
escape shaft, and a fire station in the middle were put into service. 
 The analysis of the incident disclosed many deficiencies in the tunnel safety 
system, as well as in the tunnel structure itself. The truck that started the fire was 
transporting flour and margarine, which fueled the fire to a greater intensity. This finding 
shows that the transportation of combustible goods through the tunnel should be banned. 
The tunnel, being a narrow, two-lane roadway, did not have escape tunnels, the absence 
of such tunnels led to the loss of several lives. A small emergency passage running 
parallel to the main tunnel with fire sealed doors will give the people a safe exit during 
emergency. If it is difficult or uneconomical to construct an emergency passage, it would 
be advisable to construct emergency fire cubicles (small rooms sealed with fire-resistant 
doors) at regular intervals based on the number of people using the tunnel. The 
emergency fire cubicles in Mont Blanc Tunnel were designed to last for 4 hours but the 
fire lasted for 56 hours. The rescue crew arrived by way of ventilator duct 5 hours after 
the fire erupted a ventilation duct. The fire cubicles must be made to last for longer and to 
be accessible to rescue crews. The ventilation duct can be used to evacuate the people 
trapped in the fire cubicles. Proper care should be taken to provide adequate breathing 
equipment and smoke masks to the people because the ventilation duct would be filled 
with smoke.   
 It was alleged that surveillance cameras and emergency alarms did not respond 
quickly as soon as fire erupted. Emergency switches should be placed all along the length 
of the tunnel and should be capable of being operated both manually and automatically. 
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The cameras should be housed in a fireproof encasement, and they should be smoke 
vision capable. This helps the personnel in the control room to analyze the situation 
inside the tunnel and to respond quickly to the exact location. Because bitumen is 
susceptible to fire, fireproof concrete can be used for the pavements, as well as for the 
tunnel lining. Steel fiber-reinforced concrete is known to offer more resistance to fire and 
to delay the disintegration of the tunnel lining in the event of fire thus holding the roof 
intact. 

Because of the gradient of the road, the tunnel acted like a chimney; cold air cold 
entered the tunnel on one end and the intense heat and smoke exited on the other. Adding 
to that effect, fresh air was pumped in through the Italian side, forcing the smoke to 
escape through the French side. Mechanical ventilation can be used to monitor the 
movement of air inside the tunnel during fire. Exhaust fans and blowers will help reduce 
the harmful accumulation of smoke and regulate the directional movement of air. 
 The 17 km (10.5 mile) St. Gotthard tunnel in Switzerland is the second longest 
road tunnel in the world.  This road forms part of the route from Hamburg, Germany, to 
Sicily in Italy. On October 24, 2001, two trucks collided in the tunnel, igniting a fire that 
killed as many as 11 people. 

Unlike the Mont Blanc tunnel, this tunnel has a parallel service tunnel that acts as 
an escape route. However the corridor is too narrow for the movement of firefighting 
vehicles. A major portion of the tunnel roof was damaged, and this caused disruption to 
normal traffic. Intense heat and thick black smoke hindered early rescue operations. As 
part of the tunnel restoration process, linings were re-installed, and a new ventilation 
system was fixed. The new ventilation system allows the tunnel staff to open air vents on 
an individual basis so that the smoke and toxic fumes can be extracted directly from the 
point at which the tunnel is on fire. This capability represents a good development 
because, before its installation all vents were opened simultaneously, which resulted in 
spreading the lethal gases along the tunnel. 

The Channel Tunnel is a 50.45 km (31.35 mile) long rail tunnel between 
Folkestone, UK, and Coquelles, France.Two tubes, each of a diameter of 7.6 meter (25 ft) 
run parallel with a service tunnel between them. The service tunnel is connected to the 
main tunnels at every 375 meters (1230 ft). The fire broke out inside the tunnel on 18, 
November 1996. Although its exact cause is unknown, the fire appeared to have occurred 
after a Heavy Goods Vehicle (HGV) on board on one of the shuttle wagons was 
deliberately set a fire before it entered the tunnel. 

Within minutes of the fire breakout, the authorities Concerned were alarmed by 
the signals, and action was taken immediately. The passengers were evacuated to the 
service tunnels and later moved out of the tunnel on another train in the adjoining railway 
tunnel. It took more than 7 hours to completely extinguish the fire.  The fire spreading 
was because of the movement of other trains in the tunnel and as a result of the activation 
of the secondary ventilation system. An estimated temperature of 10000C was reached 
inside the tunnel. Forty-Six meters (151 ft) of the tunnel were severely damaged, 280 m 
(918 ft) length suffered serious damage, and an other 500 meters (1640 ft) were affected. 

The restoration work began with the lining of the tunnel for which steel fiber- 
reinforced concrete was used. Temporary supports were provided for the damaged 
portion of the tunnel. Some of the important lessons learned from this incident are as 
listed here:  
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1) The detectors installed to give warnings for fire and smokes were ineffective. 
2) On-train sensors proved un-reliable. 
3) The pre-cast lining, although not designed for fire, stood well, except in the most 

severe heat conditions. 
4) Heat and smoke caused the power lines to short-circuit and trip, thus causing failure of 

traction power.  
5) The passengers who were evacuated encountered some difficulty during the process 

because of smoke. Moreover, the rail control center could not ascertain with sufficient 
precision where the train was with respect to the nearest cross passage. 

6) The fire detector-monitoring panels should have been located in the rail control center 
instead of in the fire equipment-monitoring center. 

7) A fire suppression system based on high-pressure mist should be developed and 
installed on the shuttles. 

 
Some of the important aspects having scope for improvement are as follows:  
1) Each loaded train should be systematically checked before departure into the tunnel. 
2) The tunnel should be put on emergency status as soon as the first alarm of fire is 

received.  
3) Because the HGV wagons are open, the normal procedure of not stopping a train on 

fire until it exits the tunnel is logical only when the train is close to the exit of the 
tunnel. Otherwise, it should be stopped and evacuated where it is. 

4) Evacuation of passengers is given priority over the de-coupling of the front 
locomotive and the amenity car on the HGV shuttles.  

5) Instead of the driver, the chief of the train should be in charge during evacuation. 
6) As soon as there is a single fire alarm, the process of closing piston relief ducts and 

activating the supplementary ventilation system should begin. 
 

5.3.2 Water Leakage 

Controlling water leakage in tunnels is necessary to maintain the smooth flow of 
traffic, to maintain the functionality of the lining without its being deteriorated, to protect 
the electrical fixtures and facilities, to prevent the metal components from corroding, to 
safeguard the commuters and tunnel personnel, and to maintain the aesthetic appearance 
of the tunnel. Expansion joints that are provided to control temperature and shrinkage 
movements are more susceptible to leaks. Water leakage may also result from 
malfunction shortly after construction. Effective countermeasures against water leakage 
have been developed and include various techniques as a remedial measure such as using 
water stops in the construction joints, using joint fillers, and using pressure grouting. 
Bentonite, a de-composed volcanic ash, is used in the form of panels, tubes, and powder 
that swells to fill cracks and crevices through which water might infiltrate.  

Water leakage could be a serious issue in the case of immersed tunnels and in the 
case of tunnels in ground with a high water table; where the structure must be made-
watertight. The approach ramps would provide a way for the water to flood inside the 
tunnel during tides or floods. This flooding can be avoided by raising the ramp elevation 
above maximum flood level. Floodgates can be used as an alternative when it is 
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uneconomical to raise the height of the approach ramp. When the water level is critical 
the gates can be lowered and the tunnel be closed. The disadvantage of using floodgates 
is that the traffic has to be closed until flood subsides and the accumulated water is 
pumped out of the entrance of the tunnel. Pump stations with good operating efficiency 
have to be provided at the low point of the tunnel, as well as at the portals of any tunnel.  

5.3.3 Tunnel Ventilation 
A sound tunnel transit for the commuter involves smooth passage, clear visibility, 

a feeling of safety, and clear air to breathe. Vehicles emit exhaust, which can cause the 
commuters to experience discomfort and illness. In addition to exhaust, heat is generated 
from the automobiles or trains and in the case of tunnels constructed through rock and 
soil, also as a result of the earth’s temperature. Hazards such as fire generate much smoke 
and heat and could be very disastrous if not extinguished quickly. Therefore, the tunnel 
ventilation must serve the purpose of providing a clean atmosphere within the tunnel, as 
well as cooling the heat generated inside the tunnel. Tunnel ventilation could be natural 
or mechanical according to the nature of traffic, and length of the tunnel. Natural 
ventilation is sufficient for short tunnels with low traffic where as longer tunnels with 
dense traffic tunnels require mechanical ventilation. Sometimes a combination of both 
may be used to meet the requirement.   

When the tunnel alignment has a gradient, a chimney effect occurs where in the 
tunnel sucks air in on one side and passes air out through the other end. This process 
allows for natural ventilation. The Mont Blanc Tunnel is naturally ventilated; however, 
the fire accident there showed that the indrawn air made it easier for the fire to increase 
rapidly while the smoke and heat were being removed from the other end. In such a 
scenario, mechanical ventilation is advisable to monitor the movement of air inside the 
tunnel during fire. Exhaust fans and blowers can help reduce the harmful accumulation of 
smoke and regulates the directional movement of air. Mechanical ventilation can only be 
activated in an emergency and natural ventilation can be used during the smooth 
functioning of the tunnel.  

Two ventilation systems supply fresh air to the Channel Tunnel. The normal 
ventilation system supplies fresh air at both ends of the tunnel. The supplementary 
ventilation system supplies large volumes of fresh air directly into the railway tunnels to 
control the flow of smoke or to provide additional cooling capacity in the event of 
traction failure. The fans supplying this air are reversible. Hence, air can be fed on one 
side and drawn out at the other. When fire broke out in the Channel Tunnel, the reason 
for the fire’s spreading was because of the movement of other trains in the tunnel and due 
to the activation of the supplementary ventilation system. It was intended that the 
supplementary system would protect the passengers against asphyxiation. On the contrary 
to that, this system augmented the growth of the fire inside the tunnel.  

The new developments added to the Mont Blanc Tunnel after it met with a fire 
disaster would amend the deficiencies in the supplementary ventilation system in the 
Channel Tunnel. The new ventilation system allows the staff of the Mount Blanc Tunnel 
to open air vents on an individual basis wherein the smoke and toxic fumes can be 
extracted directly from the point in the tunnel that is on fire. This development represents 
an improvement because, in the prior system, all vents were opened simultaneously, 
which resulted in spreading the lethal gases farther in the tunnel. Mont Blanc Tunnel’s 
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new ventilation system could be modified for the Channel Tunnel in such a way that the 
new ventilation system would allow the tunnel staff to open air vents on only an 
individual basis at points in the tunnel where fresh air is required (e.g. for the passengers 
and firefighting crew in the event of a fire). This modification would prove effective in 
the Channel Tunnel because its prior ventilation system had vents that all opened 
simultaneously, which resulted in spreading the fire farther in the tunnel. 

5.4 Conclusion 
Major hazards and accidents during tunnel construction can be prevented by 

taking proper protective measures and following well defined safety guidelines. 
Important aspects of ensuring a good, efficient, and safe tunneling practice include 
enforcing strict safety measures; monitoring air quality, ventilation, and illumination, 
maintaining a good communication system; taking ground and flood control 
precautionary measures; using certified mechanical equipment; requiring tunneling 
personnel to use protective equipment; handling explosives safely; and having a good fire 
prevention and protection plan, and well defined emergency procedures. All tunneling 
activities are governed by safety regulations that are enforced by the respective agencies, 
and the tunneling personnel must strictly adhere to them in all aspects. 

Safety during tunnel operation is of utmost importance to the commuter, and the 
governing authority is responsible for ensuring that all aspects of tunnel safety are 
practiced for the smooth operation of the tunnel. The major tunnel disasters in the Mont 
Blanc, Tauern, and Gotthard tunnels have highlighted lapses in the safety system and 
have been good case studies for improving the safety of the tunnel operation. The traffic 
monitoring room plays a significant role in the safe operation of the tunnel activities.  

The analysis of the fire incidents in Mont Blanc Tunnel, the Channel Tunnel, and 
the Gotthard Tunnel disclosed many deficiencies in the tunnel safety system, as well as in 
the tunnel structure itself. This analysis also revealed that fire is the aspect that always 
needs attention always and that poses the worst danger to commuters, as well as to 
property. The incidents show that the transportation of goods that are combustible should 
be banned inside the tunnel. A small emergency passage running parallel to the main 
tunnel and having fire-sealed doors will allow the people to have a safe exit during 
emergency. If it is difficult or uneconomical to construct an emergency passage, it would 
be advisable to construct emergency fire cubicles (small rooms sealed with fire-resistant 
doors) at regular intervals based on the number of people using the tunnel. The fire 
cubicles must be made to last longer and must be accessible to rescue crews. The 
ventilation duct can be used to evacuate the people trapped in the fire cubicles; proper 
care should be taken to provide adequate breathing equipment and smoke masks to the 
people because the ventilation duct would be filled with smoke.  

Emergency switches should be placed all along the length of the tunnel and 
should be operated both manually and automatically. The cameras should be housed in a 
fireproof encasement, and they should be smoke vision capable. This system helps the 
personnel in the control room to analyze the situation inside the tunnel and respond 
quickly to the exact location. Because bitumen is susceptible to fire, fireproof concrete 
can be used for the pavements, as well as for the tunnel lining. Steel fiber-reinforced 
concrete is known to offer more resistance to fire and to prolong the disintegration of the 
tunnel lining in the event of fire, thus holding the roof intact. Mechanical ventilation can 
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be used to monitor the movement of air inside the tunnel during a fire. Exhaust fans and 
blowers will help reduce the harmful accumulation of smoke and regulates the directional 
movement of air. Fire and smoke detection equipment must be regularly inspected for 
any malfunctioning. 
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CHAPTER 6 
6 CONCLUSION 

6.1 Summary and Conclusions 
In addition to being the most expensive engineering structures, tunnels present 

more difficult problems during their construction. The more frequent construction of 
tunnels requires constant improvement of the tunneling construction technology; with this 
improvement, tunnels can be adopted as a cost-effective engineering solution to traverse 
densely populated urban areas with minimal local environmental impact. Although 
significant improvements have been made over the years in terms of tunnel construction 
in the USA, the substantial growth in passenger traffic, as well as the need for more 
efficient rapid transit systems in urban areas, will require steady progress in the tunnel 
construction practices. 

Various tunneling methods that suit particular site conditions and that are more 
economical and safe. This report was divided into three major sections, each of which 
dealt with tunneling in a particular medium like soil, rock, or water. Studying the 
tunneling technology involved examining literature study and case studies that presented 
the real time difficulties encountered. The safety of tunnels is considered as one of the 
important aspects of tunneling; and hence, a separate section was devoted to discussing 
safety during and after construction of tunnels. 

In soft-ground tunneling, NATM is generally more cost effective than TBM is 
found to be for short tunnels; however, TBM is the viable option for tunnel lengths 
greater than 3 km (1.8 miles). For NATM, surface settlement and deformation must be 
continuously monitored. This method also requires the use of additional support measures 
when tunneling is being done in the urban areas, where surface subsidence control is of 
significance for overlying structures. Additional support measures proven to be more 
effective include temporary face support, spiling and canopy tubes, probe drilling, infill 
shotcrete, long span steel pipe fore-piling with injection, horizontal jet grouting, 
temporary support piles, and ground freezing. NATM may also require ground 
improvement techniques like de-watering, spiling, or grouting; however, closed face 
TBM completely eliminates all such requirements. Human error is the main reason for 
NATM collapses because it results in un-anticipated geologic conditions, design errors, 
construction quality problems, and poor management. Quality control is the primary 
requirement throughout the construction process, and is most important during the 
installation of the initial support. 

TBM is useful in various forms of ground categories like hard rock, soft rock, soft 
soil without cohesion, and soft soil with cohesion (immersed tunneling). Shielded TBM 
tunneling is found to be effective in weak and sandy soils, where the stand-up time is 
very low, and in soils with a high water content. The multi-face shields can be used to 
create desired profiles for the tunnel. In rock tunneling, TBM is a more effective method 
compared to D & B has been found to be. Each type of TBM (gripper and enlargement, 
shielded, telescopic/double cylinder/gripping jacket) has its own unique advantages in 
meeting tunneling requirements; in addition to TBM offers more safety for the tunneling 
personnel. Modern special TBMs such as the DPLEX shield can overcome various 
conditions like rounded rectangular cross-sections, short distance, and sharp curves 
without affecting the surface of the ground or the overlying structures. D & B can be 
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utilized where it is more economical (e.g for shorter tunnels and when hard rock or strata 
are encountered while tunneling is being done through soft soil). The cost efficiency of 
the D & B method is known to increase as the tunnel length increases, whereas it 
decreases for TBM as the length increases. 

The TBM pilot and enlargement method is the effective method of excavation for 
long tunnels with good ground conditions, because it maintains the stability of the face 
and improves the efficiency of the excavation. Mechanized excavators like road-headers 
and boom-cutters offer flexibility in tunneling when soft to medium rocks are 
encountered. The performance of road-headers decreases as the rock strength increases; 
in such a case, D & B or TBM can be utilized.  

In tunneling under water, the allowable water bed clearance is the governing 
criterion for choosing the construction method to be employed. Shield construction is a 
viable option when shallow water is encountered. The shield provides a means of holding 
back the water while the enclosing sections of the tunnel are placed in position, as well as 
a means of protecting the tunnel against mud, quicksand, or permeable earth. For 
construction of tunnels above the water bed and when the clear water depth allows for 
continued movement of vessels, immersed tunneling is the adopted technology. Different 
cross-sections of the tunnel can be achieved by using this method. The construction 
period is decreased because the tunnel elements are pre-fabricated on the ground and then 
transported to the site, where they will be immersed and assembled. 

Safety during tunnel operation is of utmost importance to the commuter, and the 
governing authority is responsible for ensuring that all aspects of tunnel safety are 
practiced for the smooth operation of the tunnel. Major hazards and accidents during 
tunnel construction can be prevented by taking proper protective measures and by 
following well defined safety guidelines. Important aspects of ensuring a good, safe, and 
efficient tunneling practice include enforcing strict safety measures; monitoring air 
quality, ventilation, and illumination; maintaining a good communication system; taking 
ground and flood control precautionary measures, using certified mechanical equipment, 
requiring tunneling personnel to use protective equipment, handling explosives safely, 
and having a good fire prevention and protection plan, and well defined emergency 
procedures. All tunneling activities are governed by safety regulations that are enforced 
by the respective agencies, and the tunneling personnel must strictly adhere to them in all 
aspects. 

The major tunnel disasters in the Mont Blanc, Tauern, and Gotthard tunnels have 
highlighted lapses in the safety system, and the important lessons learned from these 
incidents helped increase the safety these tunnels. The study of previous disasters showed 
that banning transportation of explosives, installing fire-resistant cubicles along the 
tunnel length, utilizing fireproof concrete for both ceilings and pavement, and providing a 
sound ventilation system are very critical in maintaining the safe usage of the tunnel. 
Also, the traffic-monitoring room is very significant in the safe operation of the tunnel 
activities.  

6.2 Recommendations for future research 
   Because this concept of comparing and evaluating different tunnel construction 

methods is a very vast subject, further in depth research holds tremendous potential. 
Additional case-studies and reviews can provide better insight into the construction 
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technologies. This study only involved the comparison of different tunnel construction 
technologies and therefore, more research needs to be focused on design and analysis of 
tunnel structures to make it more economical and reliable. Furthermore, seismic analysis 
and vibration of tunnel structures requires more research.  

Safety of tunnels during construction and operation needs further study; 
specifically in areas related to fireproof structures, traffic management during a disaster, 
and blast resistant tunnel walls. 
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8 APPENDIX A* 
9 TUNNELING CONTRACTORS, EQUIPMENT MANUFACTURERS, AND 

CONSULTANTS 
 

A.1 Introduction 
 
*Note: Appendix A is not an all inclusive list of tunneling contractors, tunneling 
consultants, and tunneling equipment manufacturers. This section is in no way written to 
promote the firms included in the list. It is written simply as an adjunct data that is just 
out of author’s curiosity with whatever information available on web domains. 
 

Apart from the engineering and procurement activities involved in the execution 
of a tunneling project, construction is the major important activity. The choice of the 
contractor, machinery vendor, consultant, and designer is very important in the smooth 
execution of the project. Several governing factors are responsible for selecting a 
particular contractor or vendor, such as 

• Experience.    
• Expertise. 
• Technology. 
• Executed projects. 
• Performance reputation. 

Various other factors like location, financial stability, size, and infrastructure will 
also determine the selection of the contractor, vendor, consultant, designer, and others. 
Assessing the performance of the projects that have already been executed is the best way 
to judge the capabilities of the firms involved.  
 
 
 
 
 
.
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Table A. 1 Tunneling firms 
 
Name of the Firm Classification Major Projects Executed 
Balfour Beatty Construction i) CSO tunnel, Providence, Rhode Island 

ii)Seattle Bus Tunnel, Washington 
 

Bechtel Corporation Design,  
construction management 
procurement 
 

i) Channel Tunnel Rail Link, Britain 
ii)Boston Central Artery/Tunnel project, Boston, Massachusetts 
 

Caterpillar 
 

Tool manufacturer N.A. 
 

Dr. Sauer’s Group 
 

Design,  
construction Support 
 

i)  JFK International Airport – Access Tunnel, New York 
ii) Rupertustunnel, Salzburg, Austria 
iii)Boston Central Artery/Tunnel project, Boston, Massachusetts 
iv) Port Access, Dublin, Ireland. 
 

Hatch Mott McDonald 
 

Design, 
construction, 
project management 

i)  Seymour Capilano Twin Tunnels, Vancouver, Canada 
ii) Sheppard Subway, Toronto, Canada 
iii)Los Angeles Metro Red Line, Los Angeles, California 
iv)Mission Valley East Light Rail Tunnel, San Diego, California  
 

Hayward Baker 
 

Geotechnical construction N.A. 
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Table A.1 Tunneling firms (Continued) 
 
Name of the Firm Classification Major Projects Executed 
Impregilo s.p.a. 
 

Design, 
construction 

i)  St. Gothard Main Tunnel, Switzerland 
ii) High Speed Train System, Italy 
iii)Railway Transport System, Venezuela 
iv)City of Naples Subway Network, Italy 

Jacobs Associates Design, 
Construction, 
Project Management 

i)  Tren Urbano, Rio Piedras, San Juan, Puerto Rico 
ii) East Side Light Rail Transit Project, Los Angeles, California 
iii)Claremont Tunnel, Contra Costa & Alameda counties, California 
 

JCB Tool Manufacturer N.A. 
 

Kiewit Construction 
 

Construction i)  Wolf Creek Upper Narrows – South Fork and Pagosa Springs, Colorado 
ii) Chattahoochee Tunnel – Cobb County, Georgia 
iii)Tren Urbano, Rio Piedras, San Juan, Puerto Rico 
iv)Yucca Mountain – Nye County, Nevada 
 

Komatsu 
 

Tool Manufacturer  N.A. 
 

Lovat 
 

Tool Manufacturer N.A. 
 

Mitsubishi 
 

Tool Manufacturer i)  Bypass Tunnel, 15 m diameter, Madrid, Spain 
 

Nicholson Construction 
 

Geotechnical Construction i)  Nancy Creek Tunnel – Atlanta, Georgia 
ii) Big Walnut Interceptor – Columbus, Ohio 
iii)Michigan Street Tunnel – Grand Rapids, Michigan 

 
 
 
 



 

 88

Table A.1 Tunneling firms (Continued) 
 
Name of the Firm Classification Major Projects Executed 
Parsons Brinckerhoff 
 

Design, 
Construction, 
Project Management 

i)  Fort McHenry Tunnel – Baltimore, Maryland 
ii) Ted Williams Tunnel – Boston, Massachusetts 
iii)Westside Light Rail, Portland, Oregon 
iv)Melbourne city link – Melbourne, Australia 
 

Robbins 
 

Tool Manufacturer N.A. 
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Most of the projects are executed by firms that form a consortium involving the 

consultant, designer, contractor, and others. The following section provides details about 
each firm, and its capabilities, executed projects, and so on. This information would serve 
as a guide in the preliminary evaluation of the tunnel related consultants. Table A. 1 
shows a list of tunneling contractors, equipment manufacturers, and consultants.   

 
A.2 Details of a Select Number of Tunneling Contractors 

 
Balfour Beatty Construction Inc. (USA) 

Balfour Beatty Construction, Inc. (BBCI), has been in the construction industry 
since 1990, and its headquarter is located in Atlanta, Georgia. Their core competency is 
in the execution of complex heavy civil construction projects. The Providence CSO 
Tunnel in Rhode Island and the Seattle Bus Tunnel in Washington are the major projects 
executed by this company.  The Providence CSO Tunnel is a 7.9 m (26 ft) diameter, 4.9 
km (3.07 mile) long storage tunnel; however, the Seattle bus tunnel was a modification 
and expansion of an existing tunnel. 

 
Bechtel Corporation (Worldwide) 

Bechtel Corporation, started in 1889, is one of the world's premier engineering, 
construction, and project management companies. With over 40,000 employees and a 
worldwide presence, this corporation forms a major group. Bechtel was the first major 
engineering and construction company to embrace Six Sigma, a methodology that uses 
statistics to identify and eliminate errors in work processes.  The Channel Tunnel Rail 
Link in Britain and the Boston Central Artery/Tunnel Project in Massachusetts are two of 
the large projects executed by Bechtel. The Central Artery/Tunnel Project, also known as 
Boston’s "Big Dig", is known to be the largest and most complex urban transportation 
project ever undertaken in the USA. 

 
Impregilo S.P.A. (Italy With Markets in Europe, America, the Middle East, and 
Asia) 
 

Impregilo is one of the leading Italian engineering and general contracting groups 
in the construction and environmental sectors. This company’ core activities include 
design and construction. The St. Gothard main tunnel in Switzerland, the high speed train 
system and Genoa subway in Italy, and the railway transport system of the central region 
of Venezuela are some of the noteworthy projects that involved Impregilo.  

 
Kiewit (USA and Canada) 

Kiewit is an employee-owned firm that provides construction services and is 
based in Omaha, Nebraska. This company is one of the largest construction and mining 
organizations in North America and is ranked consistently as being among the best 
general contractors. The firm offers a variety of construction services that include 
emergency management and development.  

Some of their important tunneling projects are the Chattahoochee Tunnel in Cobb 
County, Georgia; the Tren Urbano, Rio Piedras Section, in San Juan, Puerto Rico; the 
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Yucca Mountain tunnel in Nye County, Nevada; and the Wolf Creek Upper Narrows 
Tunnel in South Fork and Pagosa Springs, CO.  
 
Parsons Brinckerhoff (Worldwide) 

Parsons Brinckerhoff (PB) has specialized in tunneling and underground 
technology since it was founded in 1885.  Many of the firm’s innovations have become 
standard procedure around the world. The reference book to tunneling, “Tunnel 
Engineering Handbook”, was written by PB staff.  This group’s expertise ranges from 
program management to design/build and turnkey construction. They have ample 
experience in tunneling in hard rock, soft ground, mixed face, and also underwater 
tunnels and underground structures. PB has designed more than 805 km (500 miles) of 
rock tunnels.  

Some of the outstanding projects executed by PB include the Fort McHenry 
Tunnel in Baltimore, Maryland; the Glenwood Canyon Hanging Lake and Reverse Curve 
Tunnels in Colorado; the Ted Williams Tunnel in Boston, Massachusetts; the Westside 
Light Rail in Portland, Oregon, the Marta Peachtree Center station in Atlanta, Georgia, 
the Melbourne city link in Melbourne, Australia; and the Western Harbor crossing in 
Hong Kong, China. The 2682 m (8800 ft) Fort McHenry Tunnel is the widest vehicular 
tunnel constructed by using the immersed tube method; for this tunnel PB, in joint 
venture, was responsible for preliminary and final design, environmental impact 
statements, value engineering, and construction phase services.   

 
A.3 Overview of a Select Number of Equipment Manufacturers 

Caterpillar (Worldwide) 
Caterpillar manufactures machines with applications ranging from earthmoving, 

mining, and construction projects to forestry, waste, and paving. The firm’s products 
include backhoe loaders, wheel dozers, excavators, shovels, skid steer loaders, trucks, 
knuckle boom loaders, and wheel excavators. 

 
Herrenknecht AG (Worldwide) 

Herrenknecht AG occupies a leading position in the global market for mechanical 
tunnel construction.  Based in Germany, Herrenknecht AG develops, manufactures, and 
sells the entire range of mechanical tunneling machines for its customers throughout the 
world. Products include auger drilling machines, micro-tunneling machines (slurry/EPB), 
Horizontal Directional Drill (HDD) rigs, shields with partial face excavation, mix shields, 
EPB shields, TBMs with shield, double shield TBMs, and gripper TBM. The drilling 
diameters range from 100 mm (4 inches) to 18,000 mm (709 inches).   

A 15.43 m (50 ft) diameter mix shield TBM which is currently the largest 
diameter TBM in the world was fabricated for the construction of 7.2 km (4.47 m), three-
lane road tunnels (Changjiang Under River Tunnel Project) at depths of up to 65 m (213 
ft) beneath the Yangtze River in Shanghai-Pudong. 

 
 

JCB (Worldwide) 
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JCB is one of the well known manufacturers of construction-related machinery 
like loaders and excavators. The firm’s products include backhoe loaders, crushers, 
forklifts, excavators, loaders, dump trucks, wheel loaders, and tracked excavators. 

 
Komatsu (Worldwide) 

Komatsu provides a wide array of construction and mining equipment, ranging 
from super-large machines capable of mining applications to smaller machines suitable 
for urban use. Products include backhoe loaders, crawler carriers, crushers, dozers, 
excavators, graders, shovels, skid steer, loaders, trucks, and wheel loaders. 

 
Lovat (Worldwide) 

Since 1972, Lovat has specialized in the custom design and manufacture of TBMs 
that are utilized in the construction of metropolitan, railway, road, sewer, water main, 
penstock, mine access and telecommunications tunnels. This group designs and fabricates 
different types of TBMs to meet specific requirements of projects throughout the world. 
Double shield rock, mixed face, mixed face-EPB, single shield rock, single shield rock-
EPB, and soft ground-EPB are the different types of TBMs manufactured by Lovat which 
is known to be the only tunneling equipment manufacturer that fully designs, 
manufactures, assembles, and tests the entire TBM under one roof.  

 
Mitsubishi (Worldwide) 

Products manufactured by this company include TBMs, tractors, crawler carriers, 
wheel loaders, motor graders, crawler drills, and tunnel ventilation systems. Mitsubishi 
began operating in 1884 and is involved in almost all aspects of engineering, like ship-
building, power systems, nuclear energy systems, machinery and steel structures, 
aerospace, general machinery, special vehicles, air-conditioning, refrigeration systems, 
paper and printing machinery, and machine tools. Mitsubishi is a reliable manufacturer of 
tunnel ventilation systems. 

The company specializes in the manufacture of shield tunneling machines and 
TBMs and uses its advanced quality technology to develop new technologies for its 
tunneling machines like super-erectors (high speed segment-erecting equipment), as well 
as technology for replacing cutter bits (custom-shaped tunneling technology for multi-
circular tunnels, long tunnels, large tunnels, and small tunnels. Recently, Mitsubishi 
received an order for an EPB-TBM which is 15 m (50 ft) in diameter and is said to be the 
world’s largest EPB-TBM.  It will be used to construct a bypass tunnel in Madrid, Spain.  

 
Robbins (Worldwide) 

Robbins has been engaged in the design and manufacture of tunneling and mining 
equipment since 1951. Since then, Robbins TBMs have bored over 3500 km (2.17 miles) 
of tunnel on more than 700 projects worldwide; machines have ranged in size from 1.6 m 
(5.25 ft) in diameter to 11.87 m (40 ft) in diameter. Robbin is renowned is renowned for 
its "floating gripper" design and hard-rock open TBMs. The firm is also a pioneer in hard 
rock double shield machines and specializes in the manufacture of Small Boring Units 
(SBUs), HDD equipments, tunnel-mucking systems, backup systems, and cutters.  
Robbins also specializes in the sale and lease of re-built TBMs.    
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Volvo (Worldwide) 
This company manufactures wheel loaders, excavators, articulated haulers, motor 
 graders, backhoes, skid steers, compact excavators, and compact wheel loaders. Volvo 
has consistently delivered machinery requirements for mining and construction-related 
activities, like loaders, excavators, and graders, apart from various other products. 

 
Wirth (Worldwide) 

Wirth produces TBMs, drilling rigs, micro-tunneling equipments, slurry pumps, 
cutters, and road-headers. This firm has been manufacturing TBMs since 1965, with 
representation in more than 60 countries. Wirth exports 90% of its products worldwide. 
In addition to designing and building TBMs for both hard rock and soft rock tunneling, 
Wirth manufactures micro-tunneling equipments, road-headers, cutters, and drilling tools 
and provides sale and service of second hand TBMs.  

 
A.3 Overview of a select number of Tunneling Consultants 

 
Dr.Sauer Group (USA, UK, Austria) 

Dr. Sauer’s Group, established in 1979, is one of the leading consultants for 
design and construction supervision of tunnels and underground structures. The group’s 
services include feasibility studies, conceptual design, and detailed design and 
construction supervision, as well as expert witness and insurance risk management. This 
firm’s experience covers all aspects of tunneling engineering, including geotechnical and 
geological expertise, structural design, and rock support. Some of the group’s most noted 
developments are a Door Frame Slab (DFS) method  for tunnels with shallow 
overburden; a Barrel Vault Method (BVM) for tunnels in soft, loose ground; a Drainage 
Rehabilitation System (DRS) to effectively control water seepage and prevent 
deterioration of tunnel and underground structures, a Waterproofing System (WS) for all 
underground structures, and a Caisson Method (CM) for tunnels under water. Dr.Sauer’s 
Group is very well known for its use of the NATM approach to design. 

Some of the projects in which this firm was involved are the Metro De Santiago 
in Chile; the Attiko metro in Greece; the MBTA Russia Wharf segment in Boston, 
Massachusetts; the Beacon Hill station in Seattle, Washington; and the Jubilee line 
extension of London bridge station, Great Britain.  

 
Nicholson Construction (USA) 

Founded in 1955 and headquartered in Pittsburgh, Pennsylvania, Nicholson 
Construction provides specialized services in grouting and diaphragm (slurry wall) for 
tunneling projects throughout North America. Nicholson also offers design-build services 
that include slope stabilization and earth retention, structural support and underpinning, 
and ground treatment and improvement. The company was recently purchased by 
Soletanche Bachy, the world leader in geotechnical contracting; the latter firm has a 
presence in more than 40 countries. 

Recent tunneling projects undertaken by Nicholson include the Nancy Creek 
Tunnel in Atlanta, Georgia; the Big Walnut Interceptor in Columbus, Ohio; and the 
Michigan Street Tunnel in Grand Rapids, Michigan. 

 

Hatch Mott Mcdonald (USA, UK, Canada) 
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With over 100 years of tunneling experience, Hatch Mott McDonald, 
headquartered in New Jersey, is one of the foremost in the list of tunnel consultants in the 
USA as well as in rest of the world. The firm provides tunneling expertise in the USA 
and other parts of the world; its services include planning and feasibility studies, design, 
construction, program and project management, construction management and 
supervision, and start-up and commissioning. Tunnel rehabilitation and rehabilitation of 
existing facilities are this group’s key areas of practice. Its expertise covers the full range 
of tunnel engineering technology such as the bored, D & B, hand driven, sequential 
excavation/NATM, jacked, immersed tube, micro-tunneling, and cut-and-cover methods. 
The firm’s specialty expertise in technical areas includes tunnel rehabilitation, sub-
surface investigation/characterization, ground stabilization, ground water mitigation and 
monitoring, tunnel lining design, shaft engineering, and dispute resolution. 

Some of the noteworthy projects executed by Hatch Mott McDonald include the 
Sheppard Subway in Toronto, Ontario; the Metro Red Line in Los Angeles, California, 
the Central Artery jacked tunnel in Boston, Massachusetts, the Mission Valley East Light 
Rail Project in San Diego, California; and the Airside Road Tunnel at Heathrow airport in 
London, United Kingdom.  

 
Hayward Baker Inc (USA) 

Hayward Baker has more than 60 years of service and innovation in geotechnical 
construction for tunneling projects. Their services include grouting, ground improvement, 
structural support, earth retention, and slurry wall construction. The company also 
specializes in constructing access shafts with specialty grouting methods. 

 
 
 

Jacobs, (USA) 
Jacobs Associates, based in California, specializes in design, construction 

engineering, and construction management services for underground projects, particularly 
tunnels, and in the detailed structural design and monitoring of complex and difficult 
ground support systems for environments such as construction excavations and slope 
stabilization. The firm also provides dispute resolution and construction claims services. 
Services include cost estimating, construction scheduling and feasibility studies, 
construction claims, construction management, excavation support and slope stability, 
small diameter tunneling and trenchless technology, tunnel rehabilitation and inspections, 
and tunnel and shaft design.  

Some of the major projects executed by Jacobs Associates include the Tren 
Urbano in Rio Piedras, San Juan, Puerto Rico; the East Side Light Rail Transit Project in 
Los Angeles, California; the Claremont Tunnel Seismic Retrofit in Contra Costa and 
Alameda counties, California, the Metro West water supply tunnel in Boston, 
Massachusetts. The Rio Piedras project consists of a 1500 m (4921 ft) long underground 
rapid transit guide way with two underground subway stations.  Most of the project 
structures are located below the groundwater table, and many of the tunnels pass beneath 
occupied historical buildings with less than 5 m (16.4 ft) of cover.  NATM and EPB 
methods were primarily used for the construction of this tunnel. 


