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FOREWORD 

During the last ten years about 30 kilometers of tunnels and 
other underground passages have been opened to vehicular traffic 
or placed under construction. 

Owing t o the aggravation of the problems of urban transportation, 
to the development of highways in more difficult sites, and to the 
increase in international commerce, it is not unreasonable to foresee 
a significant increase in the total length of tunnels under construction 
or planning during the next ten years. Rough forecasts suggest that 
approximately 70 kilometers of highway tunnels will be completed in 
the next decade, with planning being initiated for an equal length. 

The projected highway tunnel construction encompasses a great 
variety of projects in very diverse geological and environmental 
situations, and of differing lengths (from a few meters to several 
kilometers). These predictions, it should be pointed out, are restricted 
only to highway tunnels, and thus exclude both r ailway and hydraulic 
tunnels. 



PREVIEW OF THE TUNNEL MANUAL 

Objectives of the Tunnel Manual 

Since tunnel construction is complex and little understood, 
i t would seem desirable to develop without further delay a manual 
based on experience acquired over the last few years by engineers 
in governmental agencies. 

The group working on these problems was striving to satisfy 
three major objectives: 
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* To inform engineers of the important problems associated with 
highway tunnel construction and to shed some light on the nature 
of these problems. 

* To guide engineers in the design and construction of highway 
tunnels, i.e., in defining, classifying, and dealing with the 
problems associated with tunnel design and construction. 

* To standardize the essential elements, in other words: 

- the terminology peculiar to underground construction. 

- the classification of soil and rocks. 

- the cross-sections of tunnels. 

- the procedures and contents of the studies to be prepared and 
presented to higher-level administration. 

- the costs. 

Composition of the Manual 

To facilitate the solution of these problems, the manual has 
been divided into 5 separate documents according to the following 
scheme: 

* The present Summary Document which provides a brief synthesis of 
the four other documents and which gives general information on: 

- the general characteristics of highway tunnels (costs, risks, 
utilization, etc.) 

- the elements to be taken into consideration by the more detailed 
studies. 

- the articulation and composition of files and studies to be 
presented to higher-level administration. 
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Volume I: Geometry - which indicates how the tunnel should be 
adapted to traffic needs, with particular concern for proper layout 
of the tunnel. This document treats the following problems: 

- elements of layout. 

- longitudinal profile. 

- cross-sectional profiles. 

* Volume II: Civil Engineering - divided into 5 sections: 

- Section no. 1: Geology and Geotechnology presents a detailed 
methodological discussion of the required preliminary design 
studies, and should therefore aid the project engineer and his 
study team in their organization of the various exploratory 
studies . 

- Section no. 2: Construction defines the criteria to be cons idered 
in choosing between construction procedures, and evaluates those 
difficulties peculiar to t ~nnel construction. 

- Section no. 3: Lining discusses the factors influencing the nature, 
dimensions, and construction of tunnel linings. 

- Sect i on no. 4: Water-tightness defines the methods and factors 
to be considered for preventing the penetration of water into 
the tunnel. 

- Section no. 5: Roadway discusses the principal characteristics of 
tunnel roadbeds, and provides a characterization of the different 
types of road surfaces. 

* Volume III: Equipment and Exploitation - divided into 3 sections: 

- Section no. 1: Ventilation - Ventilation constitutes a novel and 
very important element of highway tunnels. This document gives 
information on the fo llowing points: 

* choice and dimensioning of ventilation system. Definition of 
criteria useful for this choice . 

* sample designs. 

- Section no. 2: Light ing. 

- Section no. 3: Exploitation - discusses the influence of future 
exploitation considerations on preliminary design of the tunnel, 
and shows the degree of complexity which tunnel exploitation can 
achieve in certain cases. 
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Volume IV: Costs - Designed for rapid and practical use,, this 
document specifies the pertinent categories for cost estimation 
and gives some general information about the important variations 
in the standard costs. 

Limitations in the Use of the Manual 

The Tunnel Manual deals with all types of underground highway 
construction, regardless of their form or method of construction: 

* 

* 

* 

Tunnels excavated in soil or in rock, generally of circular or 
vahlted cross-section. 

Covered trenches, generally of rectangular cross-section (whether 
they be trenches that are covered at the completion of construction 
or simply open cuts). 

Tunnels of immersed caisson construction, generally or rectangular 
cross-section . 

Four important precautions must be observed in using this 
manual: 

* 

* 

* 

* 

the degree of knowledge and the available experience are not the 
same for each category of tunnel, and even if the manual is applicable 
in most cases, care must be observed with regard to Volumes II and IV 
on the following: 

covered trenches involving considerations that require reference to 
classical soil mechanics. 

- immersed tunnels posing special problems (topography of the subsoil, 
flow characteristics of water, installation of the construction 
site, constructions techniques, etc.). 

due to the complexity and diversity of these problems, and due as 
well to the limited experience at one's disposal, not to mention the 
rapid evolution of construction techniques, the information furnished 
in this manual is provisional and subject to revision. 

an attempt has been made both to provide elements of choice for the 
engineer as well as to define all the parameters to be considered when 
undertaking tunnel design. Nevertheless, it it not possible to foresee 
all possible situations. It is left to the project engineer, faced 
with his particular project, to adapt the furnished information in such 
a way as to take into account the full weight of the relevant parameters. 

This manual therefore constitutes a framework that does not prohibit, 
but on the con~rary facilitates, the reanalysis of certain aspects of 
i4e_manual, when the particular project at hand may require it . 

Finally, it hardly needs mention that the present Manual is in no way 
definitive. The Tunnel Manual can in no way replace the various studies 
and explorations that are necessary in every case. 
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Chapter 1. CHARACTERISTICS PECULIAR TO TUNNELS 

1.1 Tunnel Costs 

1.11 Numerical Data 

For a two-lane tunnel, the total cost per linear meter generally 
falls within the range of 10,000 to 50,000 francs [$2,000-10,000]. 
In less favorable cases, even the higher figure may be conservative. 

The average comparison with open highway, four lanes wide, is 
established in the table below. (Only the costs of construction 
are taken into account, to the exclusion of all real-estate costs). 

Type of Project 

Tunnel . 

Bridges, viaducts. 

Open highway in unfavorable terrain. 

Open highway in favorable terrain .. 

Cost (in thousands of francs 
per linear meter) 

20-100 

15-40 

5-10 

2.5-5 

Thus, in comparison to open highway, tunnels seem to be: 

* More costly to construct. This characteri stic is inherent in 
the very nature of tunnels. 

* More variable in cost, stretching across a much wider cost range. 
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1 . 12 Decomposition of Costs and Consequences 

A more detailed study of the different categories of tunnel costs 
yields the following distribution (see Volume IV): 

Category 

Civil Engineering 

Ventilation 

Lighting .. 

Installations Necessary for 
Tunnel Exploitation . 

% of Total Cost 

40-90 

2-50 

3-25 

3-15 

The ENGINEERING category -- the most weighty of all the categories 
is subject to great variations in cost , depending on project size, 
geological conditions, and construction conditions. 

The VENTILATION category depends most heavily on tunnel length, site 
location (urban or not), nature of the approaches, and on the anti­
cipated traffic flows. 

For the most part, it is the same unavoidable factors that determine 
both the general level of costs and the degree of incertainty of 
these cost estimates. Very detailed studies should, however, permit 
selection of the best possible tunnel location, thus r educing to 
some degree the incertainty of these estimates. 

1.2 Risks and Construction Time Requirements 

1.21 Construction Risks 

Tunnel construction is difficult : tunnels must be adapted to 
the terrain traversed, and this terrain is only rarely homogeneous 
in character. The consequences of encountering various hetero­
geneities in the course of construction are many (collapse, 
accidents , delays, recourse to entirely new methods, etc.). 

Very detailed preliminary studies should permit: 

* selection of the best possible tunnel location. 

* anticipation of the difficulties and appreciation of the incertainties. 
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In spite of careful preliminary studies, major difficulties 
may arise during construction. These difficulti es involve great 
risks; they may lead to significant los s es of time and to radical 
modifications in t he cost of const ruction. 

Particular importance must therefore be attached during the 
course of study to: 

* prediction of t he general behavior of the terrain being excavated. 

* 

* 

* 

local ized di f ficulties (faults, brecciated zones, underground 
obstacles). 

ground-water problems . 

the portals, approaches, and the methods of underground entry. 

* problems posed by urban environments (risks of settlement or 
upheaval of buildings, perturbations, etc.). 

1 .22 Time Requirements for Construction 

1.3 

In spite of precautions, and even i n the absence of difficulties, 
time requirements often become the crucial factor in construction 
planning, because of: 

* 

* 

* 

the necessarily restricted number of headings. 

the slow rates of advance (see Volume II, section 2). 

the multiplicity and interdependence of the different construction 
phases. 

It is therefore important to take the greatest care in con­
struction planning, allowing sufficient time margins and envisioning, 
if necessary, an earlier initiation of tunnel construction relative 
to the construction of the exterior connecting road system." 

Equipment and Exploitat i on , 

For the user and, consequently, for the tunnel management, 
tunnels are difficult points on a travel itinerary because of the 
limited environmental quality, visibility, and opportunities for 
emergency stopping. Tunnels are essentially linear constructions 
where traffic flow is well-guided and where access to the tunnel 
is generally limited to the two tunnel entrances . 

Finally, in comparison with open highways tunnels exercise 
special constraints on maintenance and exploitation, notable because 
of ventilation requirements (in certain cases) and lighting require­
ments (in most cases). 

Complete and detailed informatin is provided on this subject 
in Volume III. 



11 

1.31 Primary Consequences 

The exploitation of a tunnel or series of tunnels impos~s 
certain rules: 

* 

* 

On the choice of tunnel layout, longitudinal profile of the 
approaches, and location of highway interchanges (see Volume I, 
section 3, and Volume III, section 3). 

For the interior dimensions of the tunnel and for its overall 
geometric characteristics, both of which must take into account 
safety, traffic capacity, ~d maintenance requirements (see 
Volume I, section 3 and Volume III, section 3). 

* For ventilation and lighting equipment requirements (see Volume III, 
sections 1 and 2). 

Failure to consider these different factors may result in the con­
struction of a poorly designed tunnel which is both dangerous and 
difficult to operate. 

Because of the very great difficulty, if not impossibility, of 
enlarging or refitting a tunnel after completion, such faults in 
planning are irreparable. 

1.32 Secondary Consequences 

1.4 

After being placed in service, the operation of a tunnel 
requires an annual allocation (sometimes very sizable) of monies 
to meet operating expenses. 

As a rough indication, the total annual operating expense 
per kilometer of four-lane highway is about: 

* 0.5-1.0 million francs for a tunnel (depending upon traffic 
density, length, and site). 

* 0.05 million francs for open highway. 

The above figures are approximately doubled if amortization costs 
for equipment replacement is taken into account. 

rt · is therefore necessary to consider these expenses when making 
studies of a proposed tunnel's feasibility. 

Consequences 

1.41 First Rule: Avoid Tunnels (possible in numerous cases) 

Under this somewhat extreme heading is hidden an essential 
truth that should guide the engineer in charge of preliminary layout 
studies. Because of their technical and financial consequences, 
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tunnels should generally be avoided, and all other solutions 
leading to open highways should be carefully studied along with 
tunnel solutions. 

The decision to construct a tunnel (or series of tunnels) on 
an itinerary should therefore result only from an economic calcul-, 
ation that establishes the tunnel's feasibility. This calculation 
should consider all elements of the tunnel solution (advantages for 
user, land acquisition and aesthetic problems, investment costs, 
operating costs, etc.). 

In certain cases the construction of a tunnel will show itself 
to be the best solution (e.g;, in an urban area where the cost of 
subsoil acquisition is only l franc/m2 , or in the case of a 
mountainous barrier), but one must be certain that more advantageous 
solutions have not been neglected. 

1.42 Second Rule: Evaluate the Consequences 

If a tunnel is unavoidable, it is necessary to be able to 
evaluate all the relevant factors -- technical, _geometrical, and 
financial. 

This evaluation can be effected only with the aid of detailed 
studies. Con~ultation of the present Summary Document, along with 
the following four Volumes, should permit the successful under­
taking of these studies. 
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Chapter 2. MAJOR OBJECTIVES OF STUDIES 

2.1 General Rules 

2 .11 Final Objectives of the Studies 

Tunnel studies do not iend themselves easily to the presenta­
tion of a unique schema that is applicable to all tunnels. This is 
due to the complexity, the large number of different techniques 
employed, and the variable characteristics of the terrain traversed. 

Nevertheless, the final objective can be roughly characterized 
in terms of two distinct aspects, both of which should aid the 
project engineer in defining a t e ach stage in the planning process 
the content and degree of precision required of the studies. They 
are: 

* 

* 

to choose - the location and type of tunnel best adapted to this 
location. 

- the characteristics of this tunnel. 

to determine - the subsequent studies requirements. 

- the potential construction difficulties. 

- the cost' of both studies and construction_. 

2.12 Requirements for a Good Study 

* Except in certain cases (e . g., in the case of a long ipternational 
tunnel), a tunnel is only one element in a larger system; and by 
virtue of this fact, the determination of the tunnel's layout 
should result from a study of the entire system's layout. 

* Sometimes for topographical, geological, or environmental reasons 
(e.g., in urban sites), certain potential tunnel layouts may 
have to be ruled out from the outset as unacceptable. In these 
cases, it is the acceptable tunnel layouts that must determine 
the overall layout of the connecting system. 

In any case, there should at the outset be no arbitrary restriction 
of possible layout solutions. It is best to consider a large 
number of possible solutions (if possible, solutions that do not 
require the construction of a tunnel, solutions that require a 
tunnel of only short length, etc.) 
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Given the number of factors to be considered, the studies should 
proceed by progressive stages, each partial decision correcting , 
or refining, preceding decisions, and so on. 

Finally, studies of tunnels should be organized according to the 
following principles (which are equally applicable for layout 
studies for open highways): 

- a very close working relation should be established between the 
project engineer and the individuals charged with the various 
studies. 

- recourse to teams made up of several specialists is often 
indispensable (e.g., geologists, soils experts, ventilation 
specialists, electrical engineers, etc.). 

- in the majority of cases, detailed studies should be undertaken 
from the outset of project planning, since one of their purposes 
is to confirm that there is no technical or financial barrier 
to the proposed tunnel construction, and also since it will be 
necessary in all cases to undertake a study of the tunnel's 
profitability. 

representative costs and durations of the various studies are 
summarized in the table below : 

Study Type Duration 1 

Proposal Document 1 year 

Summary - 1-2 years 

Project Specifications 1 year 
for Contractors 

% of Total Tunnel Cost 

1% 

1.5-2.0% 

1% 

lDurations are representative for a major or difficult tunnel 
project. 

2.2 Determination of Layout and Longitudinal Profile 

2.21 Steps to Be Followed in the Course of Preliminary Studies 

(PROPOSAL DOCUMENT [PD]) 

The choice of a tunnel location constitutes the essential 
phase of the preliminary studies. In practice it develops out of 
the search for the best solutions. 
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In general the following steps comprise the initial location 
studies: 

* 

* 

Envisage and classify all the types of possible solutions, taking 
into account: 

- general topographical conditions. 

- the expected consequences of tunnel (traffic patterns, popu-
lation densities, regional development planning, etc.). 

- various constraints: 

* urban constraints (if location very urbanized). 

* general geometric constraints (type of route the tunnel would 
serve, speed limits, general longitudinal profile, etc.). 

* major geological difficulties. 

Retain several solutions, and for each one make a preliminary 
decision on both the tunnel's location and type (driven, cut-and­
cover, immersed). 

* Make a reliminar cost estimate for each solution (in terms of 
actualized costs ; determine the actualized benefits for user 

* 

* 

and management; and undertake a preliminary study of each solution's 
profitability, thus providing a rough plan which will permit a 
provisional classification of the various solutions. 

Determine the proportional cost of tunnel construction itself 
(relative to total project cost) for each solution; and more 
generally, determine for each solution the importance of the 
tunnel relative to the total project (relative importance will 
be a function, therefore, of the length of the tunnel, construction 
difficulties due to site conditions, etc.). 

For the more romisin solutions 
both tunnel and exterior layout 

be in the necessar 
cf. 2.22 below. 

Refine the profitability estimates and calculations. 

studies for 

It is not always possible to adhere to the foregoing procedure; 
in particular, preliminary studies may have to be bypassed (or post­
poned) if detailed studies of tunnel and layout solutions are 
necessary in order to permit their comparison. 

2 . 22 Factors in the Choice of Layout and Longitudin~l Profile 

At the level of PD as well as that of the PPS (but with a 
different degree of precision in the two cases), three important 
factors should determine the placement of the tunnel. These factors, 
suc cinctly outlined below, are discussed in detail in Volumes I, II, 
and III. 



* 

16 

Exploitation 

The geometrical definition of tunnels cannot be dis­
sociated from that of their approaches; it must remain homo­
geneous with that of the connecting route. To this end, the 
following points should be given particular attention in tunnel 
design: 

- Curves (in plane) and visibility (presence of tunnel walls, 
dazzle-effect at portals). 

Grade limitations in order both to minimize ventilation 
requirements and to avoid the necessity of a supplementary 
climbing lane in the tunnel for slow vehicles, as well as to 
avoid a diminished traffic flow capacity. 

- Placement of interchanges and, more generally, design of the 
approaches (speeds, fluidity, intersections, curves in the 
exterior layout adjacent to tunnel etc.). 

* Construction 

Four elements should be given special consideration: 

- Location of tunnel portals (which often poses very difficult 
problems). 

The presence of ground-water (which is advisable to avoid as 
much as possible). 

- The nature of the terrain to be traversed (avoid the worst), 
including any geological irregularities (which should be avoided 
if possible). 

- The nature of the surrounding area (urban site or not, hea~y 
or light soil covering , nature of surface terrain) which can 
often determine, from the outset, the construction procedures 
and, therefore, even ~the type of tunnel (driven, cut-and-cover), 
its cross-section, its cost, the construction time requirements, 
and construction precautions. 

* Ventilation 

Ventilation requirements increase with the tunnel's grade, 
length, and traffic flow. 

- It is therefore necessary to study with care the fresh-air re­
plenishment requirements with a view to discovering the latitude 
at one's disposal for determining the longitudinal profile, 
without being forced, for example, to increase the tunnel's 
cross-section . 

- Furthermore, the choice of ventilation system, its placement, 
and the number of stations are important elements in the choice 
of layout and longitudinal profile. 
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2.3 Determination of Cross-section 

In contrast with most surface structures, the choice of tunnel 
cross-section is severely constrained, for the following reasons: 

* 

* 

The transverse dimensioning is final; in general it is impossible 
to enlarge or redesign an underground structure after completion. 
Foreseeable changes in traffic flow and space requirements for 
equipment placement should, therefore, be considered from the outset. 

Every decision affecting the road width produces irremediable 
consequences for the tunnel cross-section; furthermore, construction 
difficulties generally vary directly with the cross-sectional area . 

2 . 31 Steps to Be Followed in the Course of Preliminary Studies (PD) 

Inasmuch as the envisaged tunnel will often be only one part 
of an entire road system, which must fulfill certain functions, it 
is fitting to choose a roadway for the tunnel that will be compatible 
with that of the connecting system. In particular, the tunnel road­
way must be comparable in terms of flow characteristics, safety, 
and serviceability. 

* Two questions generally should be asked: 

- Is it necessary to conserve the road width provided on the approaches? 

- Is it necessary to provide lane dividers, and, if so, of what width? 

The answers to these questions are provided in Volume I. In ~ertain 
cases tunnel costs may significantly influence the response to these 
questions. 

* Once an initial answer to these questions has been provided, the 
determination of tunnel cross-section proceeds progressively, along 
with the various studies . 

A rough estimate may be made however on the basis of the follow­
ing considerations: 

- The type and site of the tunnel largely determine whether the 
tunnel cross-section will be vaulted, circular, or rectangular 
in form. Geological and hydrogeological considerations will 
further refine this determination. 

- The interior space defined by this form is divided into two 
smaller spaces, one reserved for traffic, the other for ventilation. 

The detailed studies determine the best organization of these 
two sub-spaces, taking into account certain accompanying constraints 
(e.g., the placement of lighting and traffic-control apparatus). 
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- In the case of a tunnel wider than three lanes, driven in soil 
or rock, it is generally preferable to divide the tunnel into 
two tubes. 

The discussion of various profiles provided in Volume I takes up these 
different considerations. 

2.32 Factors in the Choice of Cross-section 

More concretely, those factors that merit careful study in 
the choice of cross-section are listed below. These factors are 
examined with differing degrees of precision depending on whether 
they are to be included in the PD or in the PPS. 

* 

* 

Form and type of tunnel (Volumes I and II) 

- Ascertain whether the type of tunnel has been determined or 
whether the choice remains to be made (between tunnel or 
covered trench, or between driven or immersed tunnel) . 

- Ascertain the geological and hydrogeological factors that will 
determine the cross-sectional form (e.g., circular cross­
section in cases of high ground-water pressure, or covered 
trench at entrances in cases of light soil covering). 

- Insure that the cross-sectional form is compatible with 
envisaged construction procedures. 

- Determine the dimensions of the tunnel vault, and determine the 
effect of water-proofing treatments on the proposed dimensions. 

Space reserved for traffic circulation (Volumes I and III, section 3) 

- Ascertain the sensitivity of tunnel costs to increases in road 
width. 

- Verify the compatibility of the tunnel roadway with that of the 
approaches (shoulders, supplementary lane with slow vehicles, 
etc.). 

- Ascertain the modalities of tunnel exploitation (traffic capacity 
and the probability of breakdown or accident in tunnel; main­
tenance requirements within tunnel; risks to user; placement of 
lighting and traffic-control apparatus). 

* Space reserved for ventilation (Volume III, section 1) 

- Ascertain that all factors that tend to limit ventilation require­
ments are being considered. 

- Ascertain that the required cross-sectional area for ventilation 
system is available in the tunnel cross-section. If it is not, 
then ascertain the required increase in tunnel cross-section. 
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- Determine location of ventilation stations in such a manner as 
to optimize both energy requirements for ventilation and invest­
ment costs. (Cf. 2. 5 below.) 

2 .4 Estimation of Costs and Construction Time 

2 . 41 Estimation of Costs 

To aid in the estimation of tunnel investment and operating 
costs, Volume IV has been prepared on the basis of very complete 
studies of recently completed tunnels. 

Despite its straightforward appearance, this volume necessitates 
two very important remarks: 

* The sample (exclusively French) i s rather restricted because of the 
small number of French tunnels opened for service at this time. The 
various cost categori es are therefore provisional, and it is necessary , 
especially when making quas i-definitive cost estimates for the PPS, 

* 

to utilize any supplementarJ· information which may be available. 

It should be noted, however, that the prices quoted in Volume IV 
are, for the most part, statistical averages, which therefore 
absorb contingent fluctuations in price. Consequently, these 
quotations constitute a much more reliable basis for cost estimat ion 
than would raw cost data assembled without similar precautions. 

The price quotations provided in Volume IV -- even flat rate 
estimates for major construction categories -- should not be accepted 
wi t hout very detailed study. For tunnels in particular, it would 
be vain -- and even dangerous -- to utilize Volume IV without first 
proceeding with a thorough study of the geological conditions or 
ventilation equipment requirement s (to cite only the most important 
categories). 

2 .42 Estimation of Construction Time 

Estimation of the time required for project completion pre­
supposes a prior decision on the methods of construction. 

By way of example, in order to facilitate the elaboration and 
presentation of preliminary planni ng studies, two examples have been 
provided below. 



SIMPLIFIED EXAMPLE OF CONSTRUCTIO!l PLANNING FOR PROPOSAL DOCUMENT 

Tunnel 4 kilometers in length , roughly divided into 2 categories o f terrain 

Geological irregularity detected , but not completely evaluated 

,, 
/----, 
; MOIS ) Month 
',.-,./ 

- Signing of Construction Orde r I SIGNATURE ORORE DE SERVIC E 

- Start of Construction OEMARRAGE DES TRAVAUX 

(D LIBERATIOII EMPRISES ATTAOUE ___ ·- . ___ -► 
Land acquisition , installation & preparation of site 

aJ DEBUT OU OEROCTAGE 
Beginning of Excavation 

12 

Cl) DEBUT DU BE TONNAGE Begi nni ng of Concrete Work 
@ DEBUT DES TRAVAUX OE SECOND OEUVRE _________ _. 

Beginning of secondary construction 

Structural work at 
tunnel portals 

18 

GENIE CIVIL DES-► 

TETES 11 

good terrain BON 

2 600 m 

24 ' ·~--------- -------~-

good terrain 

TERRAIN 

Outfitting of 
ventilation 
stations 
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The following should be considered in every case: 

Sufficient leeway between the projected construction completion 
date and the date on which the tunnel and connecting road system 
are to be put into operation should be provided in cases where 
a delay in the opening date would have particularly undesirable 
consequences. 

* A preliminary period for the installation and preparation of the 
construction site. 

* 

* 

Time allowance for excavation -- will vary according to the type 
of terrain. (This time allowance is based on average advancement 
rates, which are slower at the outset than they are later on when 
the construction is well underway.} 

Time allowances for each successive operation, as well as for the 
lag time between operations. 

* A final period for acceptance (by inspectors), testing, and removal 
of construction equipment. 

2.5 Cost Studies 

2 .51 Cost-Benefit Studies 

Calculations should take the following into account when 
evaluating proposed solutions: 

* The actualized benefits for the user. 

* The actualized costs of not only the tunnel (which is but a part 
of an entire system), but also of the entire road system connect­
ing with the tunnel. 

2.52 Comparative Studies of Variations on Particular Solutions 

Depending on the relative importance of the planned tunnel 
construction, it may be desirable to make comparative studies in 
order to choose between several technical variations on a single 
solution. Of course, the necessity of undertaking these studies 
will vary, depending on the type of tunnel, for example: 

* A single, short tunnel that presents only a moderate financial 
burden in comparison to the total investment cost. 

* A series of short tunnels on a difficult route. 

* A long tunnel that largely determines the cost of the entire 
project. 
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The first step should therefore consist of a determination of the 
relative weight of tunnel construction costs in the total project 
investment cost. 

Depending on the case at hand, therefore, the studies described in 
the following paragraphs may or may not be necessary. 

2.53 Staggered Opening of Tunnels 

Given the high cost of tunneling and taking budgetary con­
siderations into account, an attempt should be made, whenever possible , 
to defer a part of the investment costs using a timetable based upon 
the predicted increase in tunnel traffic. This situation may be 
possible in the following cases: 

* 

* 

The case of a tunnel with a single roadway 

The only deferment possible here would involve the installation 
of ventilation (and very possibly, lighting); no similar deferment 
in structural work is poss i bl e . 

- The first possibility consists of planning for the progressive 
installation of the electromechanical equipment for ventilation. 
The savings will , however, be small. 

- A second possibility consists of planning for a second phase 
of installation, during which new ventilation stations are 
added to the system . The savings here will be more significant, 
but in most cases this solution poses difficult problems which 
should be carefully studied before a decision is made (construction 
of an underground station after completion of the tunnel proper, 
connection to tunnel). 

The case of two parallel tubes on a super-highway 

A progressive installa~ion may be obtained here by initially 
opening only one tube, which has been carefully chosen,.and post­
poning the opening of the second tube until later. 

Of course, the advantage of this solution consists in being able 
to defer a part of the cost. Its cost justification must incor­
porate the following considerations: 

Cost of the first tube, which must be of adequate size to 
satisfy safely the traffic needs during the interim period 
until second tube is opened (including the various operating 
emergencies that may arise during operation). 

- Cost of construction necessary during the first phase, even 
though it concerns the second tube (as is often the case for 
the tunnel portals and approaches, as well as for certain 
common elements such as ventilation stations, command post, etc.). 
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- Supplementary construction costs for each tube, due to the 
fact that contracts for their separate construction are smaller. 

- Actualized cost of the second tube. 

- Actualized cost of supplementary precautions required in the 
construction of a second tube in close proximity to the first. 

The case of two parallel tubes on a super-highway capable of being 
enlarged, for example, to three lanes 

As a first phase two two-lane tunnels could be constructed, and 
then during a later enlarging stage, a third two-lane tunnel could 
be constructed. The transition between a tunnel configuration of 
three two-lane roadways and an approach configuration of two three­
lane roadways may present substantial difficulties both in the 
design of the tunnel portals and in the management of the tunnel. 
For these reasons this solution is generally avoided. 

2.54 Optimization of the Ventilation Sections 

In either very long or urban t unnels, both of which require 
substantial ventilation, a balance should be established between 
the following: 

* The cross-sectional area of the ventilation ducts in the tunnel, 
and consequently, the total excavated section. 

* Energy requirements, which increase directly with the velocity 
of air in the ducts. 

* The number of ventilation stations. 

Concise design criteria on this subject is given in Volume III, 
section 1. 
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3 .1 Composition and Articulat i on of Studies 

3 .11 Content of Studies 

Tunnel planning should always include the following 7 categories 
of studies, with varying detail depending on the administrative stage 
of the pl anning studies: 

* 

* 

Traffic predictions and geometrical definition of the tunnel (Vol. I) 

All information on traffic should be obtained for the PD; it should 
permit: 

- a determination of vertical clearances. 

- a determination of the layout and of longitudinal and cross-
sectional profiles. 

- an initiation of profitability studies. 

A detailed geometrical definition of the tunnel should be prepared 
for the PPS. 

Geology and Geotechnol~gy (Volume II, section 1) 

- Geol ogical and hydrogeological studies are conducted for both 
the PD and PPS. With only limited exceptions (e.g., the com­
pletion of an exploratory tunnel), these studies must be termin­
ated with the delivery of the PPS. 

- The distribution of these studies between the PD and the PPS 
depends on the difficulties peculiar to the project; to take 
two extreme cases, the studies for the PD may be limited to a 
v isual site study (combining site surveys with the use of doc­
umentation on nearby underground construction), or, on the other 
hand, these studies may involve a major program of borings and 
seismic tests. 

- Geotechnical studies are principally contained in the PPS and, 
if necessary, may be continued during the preparation of the 
contract specifications. Specific geotechnical studies may in 
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certain cases prove necessary for the PD if the choice of 
tunnel solution is dependent on them (predictions regarding 
swelling rocks, passage under buildings, etc.) 

* Methods of Construction and Tunnel Lining (Volume II, sections 
2 and 3) 

Construction methods should not be studied in the PD except for 
the following reasons: 

* 

* 

to verify that construction is not technically impossible. 

to determine the required tunnel geometry (e.g., adoption 
of a circular section). 

* to ascertain any unusual circumstances eventuated by these 
methods (e.g., the installation of a workshop for the pre­
fabrication of caissons). 

- In the course of the PPS, the influence of construction methods 
on both the dimensioning and costs of the tunnel should be 
carefully examined. 

Subsequently, a detailed study should be made with a view to 
preparing the Contract Specifications Document for Contractors 
(CSDC) 

* Watertightness (Volume II, section 1) 

Because of its relatively high cost as well as its influence on 
the cross-section, watertightness should be studied briefly 
during the PD stage, in combination with hydrogeological studies. 
A precise study should be made for the PPS. 

* Roadway (Volume II, section 5) 

Drainage, sidewalks: a cursory examination of these elements will 
suffice for the PD. A precise dimensioning of the drainage system 
and roadway is necessary for the PPS. 

* Ventilation (Volume III, section 1) 

- In the course of the PD, a cursory examination of ventilation 
requirements should be undertaken, in order to fulfill the 
following objectives: 

* to determine the necessity of ventilation and the system to 
be employed. 

* to determine the geometric dimensions of the tunnel cross­
section. 

* to evaluate roughly the environmental impact of the proposed 
system (zones to be reserved for the installation of ventilation 
stations, etc.). 
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* to permit the estimation of competing ventilation designs. 

- The PPS studies should result in a precise definition of all 
the elements having an influence on the tunnel design and the 
surrounding environment. 

Detailed ventilation studies that do not bear on the studies 
of other construction categories may be undertaken subsequently 
(e.g., soundproofing, choice of ventilators, meteorological 
studies). 

* Lighting (Volume III, section 2) 

Until the completion of the PPS, the lighting studies are limited 
to consideration of the required clearances of lighting apparatus, 
the choice of illumination l evels and sources, the necessary 
structural accommodations for lighting, and a sufficiently precise 
estimation of costs. 

* Electric Power 

* 

At the PD stage, only the possible location of power lines need 
be studied. Detailed stuui es may be delayed until the PPS and 
subsequent studies. 

Operation (Volume III, section 3) 

- At the PD stage, estimations must be made of: 

* 

* 

* 

the technical aspects of operating the proposed tunnel. 

its influence on the tunnel geometry. 

the cost of operations, including both the initial investment 
costs and annual operating expenses. 

- Detailed studies of tunnel operation should be made in the PPS. 

* Estimation of Profitability (Volume IV) 

- At each stage in the planning process, one should undertake 
sufficiently precise estimations of the various cost categories, 
including both tunnel and ancillary categories (exterior and 
provisional construction, land acquisition, etc.): within 
about 20% for the PD; within about 5% for the PPS. (Note: the 
figure of 20% given for the PD is meant to be only indicative; 
it is necessary only that a comparison of different solutions 
be possible at the PD stage.) 

- A profitability study is especially necessary for the PD. It 
should be completed and made more precise during the course of 
PPS, taking into account the factors determined during that 
stage of the planning process. 
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* Diverse Studies (for memorandum) 

The following studies should be started in preparation of the 
PD as soon as they are seen to exert an influence on the location 
or cost of the proposed solution: 

- expropriations 

- nuisances and urban constraints 

- tunnel approaches and temporary structures, etc. 

3.12 Articulation of Studies 

As has already been stated, the studies are progressive, and 
constitute an entire series of steps that finally converge, dialect­
ically, towards essential decisions. 

According to the official directives in effect at this date, 
the planning studies are divided into four administrative stages, 
each one corresponding to a precise administrative objective: 

* Proposal Document ["Dossier d'Inscription"] -- PD 

* Preliminary Project Summary ["Avant Projet Sommaire"J -- PPS 

* Detailed Preliminary Project Document ["Avant Project Detaille"] 
-- DPPD 

* Contract Specifications Document ·for Contractors ["Dossier de 
Consultation des Entreprises"] CSDC 

Circular no. 69-68 of June 6, 1969, dealing with highway projects 
and the simplification of planning procedures is not entirely applicable 
to tunnels, which, depending on the case at hand, should be considered 
as: 

* the "non-typical structures" cited in the circular. 

* unusual structures not dealt with in the circular. 

In the case of tunnels, the circular must be modified through 
addition of the following considerations: 

* Object of the PD 

The PD serves as the basis for programming; consequently, it 
should conclude with the choice of one of the possible tunnel 
solutions. 

- The PD should specify the layout, longitudinal profile, and 
cross-sectional profile for the chosen solution. 
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- Estimation of costs should be sufficiently precise (within 
20%) in order (1) to permit the choice of a solution, and 
(_2) to permit an informed, realistic upper-level administrative 
decision. 

Object of the PPS 

Approval of the PPS permits the opening of an inquiry into public 
utility of the proposed project. The PPS should therefore con­
clude with a very detailed study of thesolution retained in the 
PD. 

- The tunnel layout, particularly the location of the portals, 
should be precisely determined -- to within about 30 meters 
for a tunnel in open country; to within only a few meters in 
an urban location. 

- Estimation of costs should b e accurate to within 10%. 

Object of DPPD 

For tunnels , the DPPD i s not a part of the planning process; 
the submission of a formal ~ ~ument is not required. 

Object of the CSDC 

The CSDC should compile all the preceding studies, separating 
theminterms of the nature of the work involved (cf. 3.4), and 
supplementing them with certain detailed analyses, so as to 
provide contracting firms with a complete document detailing: 

- the contract specifications imposed by the administration. 

- the tentative specifications which may lead to change order s. 

The studies to b e undertaken at this stage are, therefore, 
simple complements to ~he PPS studi es. They should not condition 
either the location or cost estimation of the tunnel project; 
consequently these studies will deal chiefly with the general 
conception of the project (e.g., plans for iron work, sound­
proofing, choice of ventilators, etc.). 

Sample Outline of Studies 

A simplified outline of the required studies for a tunnel is 
given below. It indicates how, in the average case, studies for 
a tunnel should be articulated and carried out . While actual 
studies will not always correspond to this outline , it should 
nonetheless prove a useful guide for the engineer. 
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3.2 Composition of the Proposal Document 

3.21 Drawings 

* Location Plan : scale of 1/100,000. 

* General Plan: scale of between of 1/2000 and 1/500 depending 

* 

on the difficulty of the project and site conditions . 

Longitudinal Profile: - length : 
- height: 

scale of the General Plan. 
scale ten times that of length . 

* Cross-sectional Profile: scale of 1/100. 

3.22 Explanations and Justifications 

* General Characteristics 

* 

* 

- Length of sections of homogeneous cross - section . 

- Characteristics of the s e 3ec tions (base speed , visibili ty, etc .). 

- Vertical clearances . 

- Type of route that tunnel will serve . 

Geological Study adapted to the complexity of the project and 
including: 

- a geological map of the surface at the scale of the General Plan. 

- a geological map at the level of t he tunnel, at the same scale. 

- a geological sect i on at the scale of the longitudinal profile. 

- an interpretive report- indicating the predicted terrai~ 
quality, geological irregularities , and major difficulti es . 

Justification of the cross- sectional and longitudinal profiles, 
taking into account the following elements: 

- traffic and tunnel operation . 

- geology and construction . 

- ventilation. 

- other elements. 
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* Elements of traffic design 

- present and predicted volumes. 

- percentage of truck traffic. 

- daily and annual flow distribution (hourly and daily flow rates). 

* Equipment Justification 

- ventilation: (1) choice of the system and air flows. 

(2) possible location of venti lation stations. 

- equipment for lighting and traffic control. 

* Administrative and Financial Factors 

* 

* 

- Total cost of the operation and cost per kilometer compared 
to the average national cost f or operations of the same type. 

- Methods of financing. 

Present status of project. 

- Payment schedule for project. 

Summary of estimated costs , broken down as f ollows : 

- Studies , borings, excavation, construction, and supervision . 

- Land acquisition . 

- Exist ing bui ldings at site and relocation costs. 

- Displacement of existing utiliti es and relocation costs. 

- Cost of tempor ary provlsions for traffic maintenance. 

- Cost of the tunnel or tunnels (engineering , equipment, operation) . 

- Cost of portals and very difficult sections of the tunne l . 

- Predicted annual operating costs. 

Profitability study. Thi s is obligatory for all tunnels and must 
include all exteyior works as well as actualized operating costs . 
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3.3 Composition of the Preliminary Project Summary 

3.31 Drawings 

* Location Plan: scale of 1 /100 ,000 

* General Plan: scale of between 1/2000 and 1/500, depending 

* 

on the difficulty of the project and on whether 
the site is located in urban area. 

Longitudinal Profile: - length: 
- height: 

scale of the General Plan 
scale ten times that of length 

* Cross-sectional Profile: scale of 1 /100 

* 

- in mid-section 

- at portals. 

- adjacent to emergency pull-offs , turning areas, and emergency exits. 

Detailed drawings 

to a scale of 1 /20 for drawings showing installation details in 
the cross-section. 

- to a scale of 1 / 100 for drawings of the ventilation stations 
and connecting structures. 

3.32 Restoration of Traffic, Interchanges, and Intersections 

* Plan to a scale of 1/2000, including longitudinal profile. 

3.33 Geol ogical and Geotecbnical Studies Document 

It should contain: 

* Geological maps and sections to the same scale as the General Plan 
and l ongitudinal profile. 

* A general geological report and special reports for each difficult 
zone. 

* A geotechnical report. 

3.34 Statement about Construction Procedures and the Time Required for 
Construction 

* General report indicating construction planning. 
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* Special reports on portals and difficult zones 

roblems and constraints on construction exercised by 
the environment site, possible subsidence of surface, blasting). 

3 . 35 Special Studies Documentation 

* Ventilation . 

* Lighting and sun-screens. 

* Watertightness and drainage. 

* Roadway. 

* Tunnel Operation (including envisioned operat ing conditions). 

3.36 Profitability Study, conforming to ci r cular above. 

3.37 Detailed Cost Estimates, including : 

* 

* 

Specification of pricing basis on which estimates are made. 

Complete quantification of work t o be performed. 

* Payments schedule (showing program authorizations and credits). 

* A statement of both the reliability and precision of the estimates. 

* A determination of annual operating costs. 

For super-highways, this information must be presented in the SETRA 
format. 

3. 38 Transmittal Statement must conform to the circular c i t ed above. 

3 . 39 Proposals for Complementary Studies 

* 

* 

Exploratory tunnel to be driven or terminated. 

Detailed studies. 
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Contract Specifications Document for Contractors 

This document should be compiled in accordance with requirements 
stated in Circular no. 69-68 of June 6, 1969. 

It should be remembered that in general: 

* 

* 

* 

The preferred contracting procedure for tunnels lets the project 
for bid on the basis of the PPS, with the possibility of subsequent 
change orders . . Documentation provided bidders should, therefore, 
be both very complete and very detailed. 

The outline of possible variants to the PPS should be well defined 
in the CSDC and should primarily concern itself with. the choice 
of construction procedures or the organization of the construction 
site. 

Important savings can be expected both in the case of unified 
bidding by general contractors and in the case of simultaneous 
bidding on a series of different projects. 

Bidding should be restricted to cl early qualified firms. 

Considering the very different specializations required, construction 
will normally be subdivided as follows: 

- Preparatory work, approaches. 

- Structural work. 

- Roadways. 

- Ventilation installation. 

- Electrical supply. 

- Lighting installation. ' 
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Chapter 1. FOREWORD 

1.1 Characteristics of Tunnels 

1.11 From the point of view of the consequences, the geometric definition 
of tunnels and underground passages does not pose the same problems 
as those posed by open highways. 

* 

* 

Consequences for the individual. Tunnels always constitute a 
difficult point on an itinerary, due to both the environmental 
changes and the gravity of the consequences which generally result 
from a traffic accident or obstruction in the tunnel. A sufficiently 
large cross-sectional geometry t hus becomes all the more important. 

Consequences for the community . Once constructed, tunnels generally 
present no possibility for expansion or subsequent modification. 
This places additional importance, from the very beginning, on a 
careful geometrical design which takes into consideration both 
immediate and future needs. 

On the financial side, tunnels constitute a costly investment 
in open country (about 8 times that of an open highway), but they 
often become competitive in urban areas . 

1.12 Given both the relative importance of the related investments and 
their very great sensitivity to the geometrical dimensioning of the 
tunnel, this dimensioning must from the very outset of preliminary 
design be conducted judiciously so as not to falsify the comparative 
economic analyses that must follow. 

The decision to construct a tunnel should normally result 
from an economic calculation which demonstrates its profitability. 
In principle, the tunnel should be found to be the least costly 
solution of all those considered. 

These considerations emphasize, if there were need to do so, that 
the engineer must know from the beginning how to adapt the character­
istics of the tunnel to its intended function. And once the decision 
to construct the tunnel has been made, this function should not, under 
any circumstances, pass into the background. 
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Objective of the Volume 

The present volume supplies a certain number of standardized 
rules whose application should yield a well-adapted and economic 
dimensioning. 

1.21 Continuity 

Particular attention must be paid to problems of continuity 
between the planned geometric characteristics of the tunnel and 
those of the itinerary on which it is situated. These rules will 
vary depending upon (1) the relative importance of the tunnel 
construction costs, and (2) whether there is a single tunnel or a 
succession of tunnels. 

1.22 Versatility 

The present volume perserves a certain versatility, proposing 
a variety of cross-sections . It formulates a doctrine that permits, 
in each case, the adaptation of the geometric characteristics to the 
particular function of the t unnel. 

As a general rule, it is wise to conform to the present recom­
mendations, if only in order to standardize tunnel profiles -- a 
result that will be a source of savings for the future. 
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Chapter 2. APPLICABILITY OF THE PRESENT VOLUME 

The present volume treats those problems connected with the geometry of 
underground highway constructions, whatever their category, type, or method 
of construction. 

In the definition of tunnel cross-sections, it does not, however, 
take into account the extra cross-sectional area that will in certain cases 
be required by tunnel ventilation provisions. (The required additional 
area is often provided "free of charge" by the surplus area in the circular 
or vaulted cross-section.) 

2.1 

2.2 

Categories of Tunnels 

There are 5 categories of tunnels, depending on the nature 
of the route on which they are located : 

I) Non-urban superhighway 

II) Urban Expressway 

III) Undivided highway in open country (Categories · 1 & 2 of National 
Routes) 

IV) Mountain routes (Categories 3 & 4 of National Routes) 

V) Slower urban r oads. 

The first two categories are, in principle, twin-tube- tunnels, 
each carrying traffic in a single direction; the other three are 
single-tube tunnels with two-way traffic. 

Type and Method of Construction 

The following different types are considered in the present 
volume : 

* Excavated (driven) tunnels, generally of vaulted cross-section 
(i . e., circular or horseshoe-shaped) -- constructed by traditional 
methods or with the aid of drilling machines. 

* Immersed tunnels (under rivers or oceans), generally of rectangular 
caisson construction. 

* Covered trenches, usually of rectangular cross-section. 
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Conformity to the Technical Specifications for the Planning of 
Highways and Superhighways 

With regard to the road width, tunnels should at least conform 
to the technical specifications for the planning of : 

* roads (Circular MEL 69, in preparation) 

* non-urban superhighways (Circular MTP 62-17 of March 1, 1962) 

* urban expressways (Circular MEL 68-115 of December 1, 1968) 

On certain topics (notably the road width, as defined in 
Circular MEL 68-115), the present volume constitutes a refinement 
of those specifications in light of the :p2culiar and costly nature 
of tunnels. 

For all questions which are not exclusively treated, or for 
clarifications of terminology, the ministerial circulars cited above 
should be consulted. 
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Chapter 3. TRAFFIC DATA 

In all cases a very complete traffic study is necessary, which will take 
into account the location of the tunnel, its function, the approaches, 
and the conditions of the future operation of the route. 

3 .1 Base Flow and Congestion Threshold 

All the data in this paragraph depend exclusivel y on the 
characteristics of the proposed cross-section of the tunnel under 
study. 

/ 

3.11 For a given tunnel, the hours of heavi est traffic flow may be defined 
as per the circular on expressways: 

1 

* A base flow (qb- in equivalent pas senger vehicles/hr)1 corres­
ponding to the maintenance of a continuous but interrupted (stop­
and-go) flow Ca 10% chance of having to slow down or stop for a 
few seconds, then accelerate) for considerable periods of time 
()/2-, 1 hour or more). 

* A cong~stion threshold (q - in equivalent passenger vehicles/hr) 1 

corresponding to a rupturg of continuous flow (50% chance of being 
caught in a line of vehicles immobilized for several seconds or 
even several minutes) for considerable period of time (1/2- to 1 hour) . 

Heavier flows , under even worse conditions, may certainly be 
observed after the base date, and sometimes even before; but there 
is a physical limit called the capacity of 2200-2400 epv/hr-lane 
that cannot last more than 30 minutes. This s i tuation corresponds 
to an intermittent flow that is generally followed by a generalized 
and prolonged congestion of the entire road system served by the 
tunnel. In addition, the presence of vehicles at a standstill in 
the tunnel poses ventilation problems, and t he need for a plan to 
alleviate this situation should be fore s een. 

For the correspondence between real and equivalent passenger vehicles, 
see paragraph 6.71. 
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3.12 Suggested Values of qb and qc for tunnels. 

Expressed in equivalent passenger vehicles (epv), the follow­
ing chart gives the values of q and q for one-way and two-way 
tunnels consisting of from one ~o fourclanes, with possibilities for 
emergency stopping (yet still maintaining the original number of lanes 
of traffic). 

These data are to be completed, or even modified , according to 
the operating conditions in the tunnel and on the approaches. They 
can be refined after the tunnel is put into service by means of traffic 
studies. 

Roadway Number of 
lanes 

Base flow - qb 
(epv/hr) 

Congestion threshold - qc 
(epv/hr) 

-------------------------~---------------- ----------------------------

one-way 

2 

3 

4 

2000 

3000 

4000- 5000 

3000 

4500 

6000 
-------------------------~---------------- ----------------------------

two-way 

l 

2 

3 

4 

1700 

3500 

5000 

6500 

2000 

4000 

6000 

8000 

The above table should be used subject to the following reser­
vations: 

* 

* 

* 

The figures given suppose that the approaches to the tunnel have 
geometrical characteristics at least equivalent with those of 
the tunnel itself. 

In characterizing the tunnel as a two-way roadway with two lanes, 
one assumes that the direction of the two lanes is permanently 
fixed. The traffic flow figures take into account the unbalance 
between traffic flows in the two directions. 

In characterizing the tunnel as a two-way roadway with three lanes, 
one assumes that there is a suitably controlled center-lane which 
is assigned during long periods to the most trafficked direction. 

The change of assignment of the center lane required to satisfy 
these traffic needs poses control problems which are analyzed in 
the Exploitation volume. 



3 . 2 Results of Traffic Studies 

3 . 21 Base Year 

Depending on the circumstances, the base year may be: 
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* That of the connecting route, if the tunnel only constitutes one 
element of it. 

* A variable date (depending on the project being considered}, if the 
tunnel constitutes the principal element of the road-system investment. 

3 . 22 Average Daily Traffic Flow Rate JH in the Base Year 

This is expressed in epv/day and determined by classical methods of 
analysis which study the circulation of traffic in a network where 
one of the segments of that network contains the tunnel. J is 
predicted on the basis of the traffic analyses by allowing ¥or both 
the increase in traffic between date of analysis and the chosen base 
year (as a function of the average rate of increase) as well as the 
increased traffic flow induced b:, "lhe t unnel . 

3.23 Normal Rush-hour Flow~ 

This is the portion of the JH (in the base year) flowing during the 
normal working-day rush-hours. ~ is expressed in epv/hr. 

3 . 24 Rush-hour Factor FH 

The rush-hour factor F~, usually rather stable over long 
periods, is the quotient~ divided by JH. This factor may be 
considered as a constant over a period or several years, with a 
tendency to de crease as the population that is served increases . 

For lack of a more precise direct determination, the following 
table will serve as a guide giv~ng the order of magnitude of FH 
as a function of the tunnel's location and of the population served 
(expressed in millions of inhabitants Mh): 

Situation of Open Small Town Medium town Town of Town of 
the tunnel country (less than (0.1-0.3 Mh) 1/2 mill. one mill. 
(population 0.1 Mh) or (0. 3-1 Mh) (1-3 Mh) 

served) sparse 
suburb 

Value of Rapid 
0.25 0.20 0.17 0.14 0.12 0.01 

the FH routes 
I I I I 
I I I -I 

Other 
0.25 0.22 0.18 0.16 0.14 0.10 routes 

I I I I 
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Actual Examples 

* 

* 

Tunnel on superhighway with two lanes in each direction, town of 
about one million, average daily flow being on the order of 
33-66,000 epv/day: 

FH varies between 4,000 = 0.12 
33,000 

and 6 ,000 = 0 . 09 
66,ooo 

Tunnel on five-lane superhighway used asymmetrically as 2+3 lanes 
in a city of several million inhabitants. ~r is on the order of 
3,500 epv/hr on 2 lanes and 6,000 epv/hr on j l anes. 

The average daily flow being 43,700 epv/day on 2 lanes and 85,700 
epv/day on 3 lanes, FH varies between 

3 , 500 = 0 . 08 and 
43,700 

6,000 = 
85,700 

0.07 

3.25 Asymmetry Factor D for Rush-hours 

3.3 

This is the frac tion of ~r flowing in the most crowded direction. 
One is concerned primarily with the flow DQN when designing four-lane 
divided highways. For a given arrangement, D decreases in the course 
of several years. 

Tunnel Dimensioning 

A cross-section of n lane s carrying traffic in either one or 
both ways is suitable if, for the base year, the normal rush-hour 
flow~ (for two-way traffic) or D~ (for one-way traffic) falls 
between the base flow qb and the congestion threshold q. 

C . 

The longevity and the serviceability of the tunnel are increased 
as the~ (or D~) approaches qb. By contrast, the increased traffic 
control is necessitated as~ or D~ approaches qc. 

3.31 Reduction in Flow Capacity Cau9ed by Tunnel 

Passage into the tunnel and the presence of tunnel walks will 
not reduce the traffic flow capacity of the route as long as the 
following conditions are simultaneously realized: 

* Width of circulation lanes= 3.50 meters. 

* Minimal width of the shoulders separating the lanes from tunnel 
walls= 0.50 meters. 
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* Proper lane-marking in the tunnel. 

* Well-marked curbing or sidewalks (12-15 cm. maximum), suffici ent 
lighting, and sufficient ventilation. 

The last-mentioned condition must always be fulfilled. In cases 
where the first two conditions are not fulfilled, rather than a 
reduction of traffic capacity there may be a lowering of the level 
of service and speed of traffic flow (changing from about 50 to 
35 km/hr for traffic flows attaining the base flow rate). 

3.32 It is particularly important that the level of service of the tunnel 
be adapted to the type of tunnel. On this subject one can distinguish: 

* Major isolated tunnels that require a high level of service but 
which may be dimensioned more parsimoniously if investment cost 

* 

* 

* 

considerations should demand it. In such cases the tunnel will 
as a consequence determine the general level of service provided 
by the route on which the tunnel is located. 

Short isolated tunnels or t unne l s l ocated on a route of intermediate 
importance, which must offer a level of service analogous to that 
of the approaches . 

Tunnels on urban routes where it is best to take particular care 
in the design of the tunnel portals and approaches in order to 
avoid congestion in those areas. 

Series of tunnels in a difficult site which will control to a 
or lesser degree the general level of service of the connecting 
route, depending on the relative proportion of investment costs 
represented by the tunnels. 

3.4 Factors in the Determination of Benefits 

' 

3.41 Optimal Year for Opening Tunnel for Service and Economic Capacity J 0 

The economic capacity J
0 

of a highway system at its optimal 
opening date is the average daily traffic which must flow through 
the system in its first year in order to satisfy the profitability 
criterion. 

In general, this criterion is set so that annual revenues used 
for the amortization of the initial investment attain the minumum 
immediate profitability rate required for a highway system (presently 
14% unless otherwise specified). 

* In the case of a tunnel on an older route, the actual traffic 
flow J implies a traffic flow JR= f(J) for the chosen year, 
where f is a function based on tne annual rate of increase in the 
traffic on the connecting route. 
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The normal flow Q,,_r = FHJH determines both the dimensioning and 
cost C = C ( QN ) 0¥ the tunnel. 

For a year of average daily traffic J, traffic benefits A=A(J,QN)=A1 (J). 

The economic capacity J
0 

(the traffic profitability) is defined by 
A

1 
(J

0
) = the imme diate profitabili ty rate. 

This determines the optimal year for opening the tunnel for service. 

In the case of a tunnel on a new route, it is the entire route 
that must satisfy the profitability criterion. During the first 
year of operation , one can expect a heavy induced t raffic flow 
through the tunnel a.mounting to 25-35% of the flow through the 
connecting road system in the year preceding the tunnel opening . 

3.42 Direct Benefits of Tunnel Traffic 

3.5 

* 

* 

The classical economic benefit calculations for the profitability 
of a highway system (described by the pertinent circulars) takes 
into account direct traffic benefits (duration of the trip, gains 
efficiency, security, and comfort), notably by considering the 
traffic conditions for a uniform flow which is carefully chosen 
in order to represent the 2~ stribution of hourly flows through­
out the year (in general this uniform flow is J/16 in open country 
and J / 19 in a city of about one million inhabitants). It does 
not in any way take into consideration the costs of congestion, 
i.e., the cost of time lost during the obstruction of the tunnel. 

Such losses in the part of the highway system influenced by the 
tunnel depend on the frequency and the duration of the traffic 
jams as well as on the maximum number of users affected. Summary 
estimations may be attempted in order to appreciate the benefits 
of operation with and without an emergency stopping lane, with 
and without emergency detours avoiding the tunnel, etc . 

The principal factor is the duration of the trip, i.e., the speed 
of traffic circulation. 

In closely regulated tunnels, this is the speed limit imposed on 
the vehicles (cf. table 3.53). In other cases, this is the average 
of profitability for highway investments). 

Determination of Tunnel Speed Limit 

The entry of motorists into the tunnel is necessarily 
accompanied by a brutal modification in both the atmosphere and 
environment. For economic reasons it is generally impossible to 
maintain the road-width of the approaches through the tunnel itself; 
nor is it possible to provide the same level of lighting. 

In the chronology of effects on the motorist traversing a 
tunnel, the entry and exit phases constitute the points of maximum 
difficulty. 
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3.51 First Consequences 

For tunnels of two lanes and wider which are not at different 
levels, it is necessary to: 

* Prohibit all passing by trucks and slow vehicles inside the tunnel 
and on the approaches. 

* Consider the possibility of imposing a speed limit in the tunnel 
(this does not lead to any diminuation of the capacity as long as 
the imposed speed is greater than 50 km/hr). Of course , the 
regulati on of speed is necessary in the case of an intersection 
or interchange located just below the tunnel exit . 

In order to insure the safety of the users and to avoid risk 
of collision at the beginning of the speed zone, very strict rules 
for presignalling must be observed. 

3.52 Regulation of Speed 

On this subject it is not ~oss i ble to formulate a general 
law; however, it is necessary in each specific case to consider the 
following distinction between isolated short tunnels, isolated long 
tunnels, and series of tunnels: 

* 

* 

* 

Short, rectilinear tunnels (length less than 100-150 meters) do 
not constitute, in principle, an important difficulty since their 
short length permits good visibility, by silhouetting obstacles 
on the tunnel roadway against the exit. 

Very long tunnels generally incite the user, once he is adapted 
to the tunnel envi ronment, unconsciously to increase his speed 
to a level not warranted by his visibility. It is, therefore, 
generally necessary to limit the speed for passage through the 
tunnel and on the approaches . 

Series of tunnels always pose difficult traffic problems;· however, 
i t is not desirable to impose speed limits which vary too frequently 
through the short sections. If, for example, there is a series of 
tunnels on a stretch of highway several kilometers in length, it 
is best to undertake a detailed analysis of traffic conditions, 
safety, and driver fatigue for the tunnel before proceeding with 
tunnel dimensioning and layout. It may be necessary to adopt a 
slower but more consistent base speed for the entire section than 
the speeds dictated by safety considerations for the individual 
tunnels taken separately. 

3.53 Quantitative Factors 

The determination of tunnel speed limits should in every case 
take into account the following 7 elements: 

* Class and category of the connecting route. 
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* Flow characteristics, structure, and distribution of traffic. 

* Operation and maintenance of the tunnel . 

* Nature and flow characteristics of the approaches (position of 
interchanges above and below tunnel, presence of inter.sections 
with stoplights, longitudinal profile of tunnel, etc.}. 

* Tunnel cross-section. 

* Dazzle-effect at the entrances and exits. 

* Visibility in the tunnel (ventilati on , lighting ). 

In certain cases (non-urban superhighways or urban expressways) it is 
often preferable to impose a permissible range of speeds rather than soley 
a maximum premissible speed. If a minimum speed limit is prescribed, 
it must be possible to insure that the geometrical characteristics (longi­
tudinal profile and layout) of the tunnel and its approaches permi t attain­
ment of the required speed range before entering the tunnel. 

As an example, the recommendati ons of the table below may be 
used subject to the reser "c.t t ons cited above: 

SPEED IN TUNNEL 

Category Base Speed Maximum recommended speed 
of r oute through tunnel (km/hr) 

Non-urban 140 100 or range of 80-120 

superhighway 
or urban 100 80 or range of 70-90 

expressway 
Cone-way 80 60- 68 
traffic in 
each tube) 60 60 

' 
Three-lane 
roadway with variable 60 Ca function of the 

two-way traffic approaches) 

Two-lane roadway 
with two-way variable 4o-6o(a function of the 

traffic approaches) 

Volume III, section 3, discusses these problems within the general 
context of tunnel operati on and management. 
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Chapter 4. LAYOUT OF TUNNELS 

Factors to be Analyzed 

* 

* 

* 

Only the geometrical factors that affect the layout are treated 
here, although determining the tunnel layout is a complex operation 
that takes into account geological factors as well as operating 
and equipment considerations. 

The tunnel's layout depends on that of the entire route on which 
the tunnel is situated. It is especially necessary to consider both 
the stability of the vehicles using the tunnel and the minimum 
visibility conditions corresponding to the base speed in the section 
of highway where the tunnel will be situated . Nevertheless, tunnel 
layout may be dictated by site requirements; the layout of the 
approaches will be determi'·:: h•r the mi nimum values imposed by 
the base speed. 

The tunnel layout is often curved, for different reasons: 

- to bypass bad terrain, geological faults, and other potential 
sources of difficulty. 

- to connect the portals whose placement has, for example, been 
constrained by site or soil conditions. 

- to avoid the dazzle-effect of a brightly lighted exit set at 
the end of a rectilinear tunnel longer than 150 meters. 

4.2 Layout of Approaches and Portals 

-4.21 Precautions in the Layout near the Tunnel Entrances 

* Near the tunnel entrance, the approaches should be laid out in 

* 

* 

such a way as to insure that the tunnel is visible at least fi f teen 
seconds in advance under all circumstances. This condition is 
indispensable in open country and very desirable in urban areas. 

Near the tunnel exit, long tunnels should be laid out with a gentle 
curve to avoid dazzle-effect from t he brightly lighted exit. I f 
layout requires a curve just below t he tunnel exit, then that curve 
should be initiated in the tunnel i t self. 

The axes of the two tubes for a superhighway or expr essway of two 
or three lanes in each direction should be separated by a distance 
of at least three times the width of each tube, measured at the 
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level of the roadway. In those cases where this rule cannot be 
observed, it is necessary to examine the methods of construction 
of two tubes so close together. The construction of two tunnels 
of curved layout is then recommended, the two tubes separating 
as they penetrate the earth. 

4.22 Positioning of interchanges and intersections 

If the tunnel is on an ordinary route, all intersections 
should be placed at least 200 meters from the entrances to the 
tunnels . Special precautions must be taken to prevent the back-up 
of vehicles into the tunnel. 

In general , underground interchanges are to be avoided. If 
necessary, converging or diverging roadways are permissible only if 
the distribution of vehicles on different lanes is made before enter­
ing the tunnel, and if the number of lanes below the convergence point 
can easily absorb the increased traffic. 

It is necessary to emphasize that all other solutions will 
lead to poor tunnel operating characteristics (congestion, slowdowns, 
risk of accident, etc.] 

4.23 Entry Ramps from an Interchange above the Tunnel; Exit Ramps at 
an Interchange below the Tunnel1 

1 

* Entry Ramps 

The location of entry ramps immediately above the tunnel 
entrance should be avoi.ded as much as possible, as this requires 
a transition section of decreasing road-width that will have to 
be maintained for 150-200 meters depending on the particular case 
at hand. 

On the one hand, this results in a significant increase 
in the construction costs of the entry zone (_which. is generally 
the area that presents the greatest difficulties), while,.on the 
other hand, it results in a significant increase in the construction 
risks. 

Depending on the site and conditions of the approaches, it 
may also require: 

- the installation of a system of tunnel lighting and ventilation 
that is substantially more powerful (and costly) than the system 
that would otherwise be required. 

- the installation of special traffic control equipment above the 
tunnel in order to minimize risks of congestion and accident. 

For a precise de(f'inition of the terms used here, refer to the General 
Instruction of December 1, 1968. 
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* Exit ramps 

The placement of an interchange directly below the tunnel 
l eads to analogous construction difficulties, but poses even 
more complex operating problems. 

- The existence of an exit ramp necessitates lane changes that 
are detrimental to both the safety and fluidity of traffic in 
the region above the interchange -- i.e., in the tunnel itself. 
The changing of lanes leads to substantial diminuation in the 
level of service of the tunnel. 

- Depending on the importance of the planned interchange, the 
nature of the connecting routes, and the general design of the 
interchange, the presence of exit ramps may create traffic con­
gestion that backs up into the tunnel. 

- Finally, these ramps require presignalling equipment whose 
placement into the tunnel is often quite difficult (cf. Vol. III, 
section 31; in the event of equipment malfunction, the risks 
of accident are multiplied even further. 

* As far as possible the following rules should be observed: 

(1) The entry ramp should have a merging lane of 150-200 meters 
in length with the earliest point of entry onto the tunnel 
approach located as far as possible from the tunnel -- at 
least 300 meters above the tunnel entrance. 

(2} The exit ramp should have a exit lane of at least 75 meters 
in length, with the earliest point of exit located at least 
300 meters below the tunnel exit. 

In certain exceptional circumstances, notably in heavily 
urbanized areas, smaller distances 1 may be adopted on the basis 
of detailed studies of the following: 

The predicted flows of both through traffic and of traffic using 
entry and exit ramps. 

- Visibility, speed limits, and traffic control procedures in 
the tunnel. Design of signalization must be initiated at this 
point . 

- Feasibility of constructing a tunnel of enlarged cross-section. 

- Storage capacity of the exit ramps in the event of congestion; 
this capacity should be large. 

1 At very least the minimal requirements prescribed in the ciruclar MEL 68-115 
of December 1, 1968, on the design of urban expressways should be adopted. 
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4.24 Zone for Changing Lanes 

Lane changing should be avoided as much as possible. In 
cases where it is inevitable (e.g., in an urban site), it is best 
to comply with the minimal requirements prescribed in the Ministerial 
Circular of December 1, 1968 on the design of urban expressways. 

4.25 "Unloading Interchanges" 

Except in cases where the placement of interchanges near 
th_e tunnel is necessitated for other reasons, it may be. necessary 
in urban sites or in the case of long tunnels to plan for "unloading 
interchanges" in order to cope with exceptional circumstances which 
could require temporarily closing the tunnel. 

4.26 Placement of Toll Plazas 

* 

* 

On a single roadway carrying two-way traffic, the number of booths 
and the size of the queuing area, as well as the modalities of 
operation, depend upon the normal rush-hour flow in the base year. 
Design should be such as t o prevent either the slowing or stopping 
of vehicles inside the tunn :-· l . 

On a one-way roadway (e.g., one direction of a superhighway), the 
toll plaza should be located at least 300 meters above the tunnel 
entrance. (On an uphill grade it may be desirable to increase 
this figure in order to allow slower vehicles to gain the required 
speed before entering the tunnel.) If it is possible to place 
the toll plaza below the tunnel (thereby serving both roadways 
with. a single plaza), the design should be based on the same 
considerations as for two-way roadways (namely, no back-up of 
vehicles into the tunnel during rush-hours during the base year). 

4 . 3 Visibility in Curved Tunnels 

4.31 Visibility Distance as a Function of Base Speed 

The table below gives required visibility distance as a function 
of the base speed of the route. 

Base Speed (km/h) 120 100 80 60 40 

Visibility distance (m) 230 160 120 80 50 
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4.32 Lateral Visual Clearance 

* 

* 

Relative to the traffic lane, the eye of the driver is assumed 
to be 2 meters from the right edge and 1.5 meters from the left 
edge is the lane is 3.5 meters in width, 1 meter from the left 
edge if it is only 3 meters in width. 

For the eye in this position, in a curve of radius R (in meters, 
measured to the axis of the lane), the relationship between the 
required visibility distanced (in meters) and the lateral visual 
clearance (in meters) existing between the eye and the concave 
sidewall is effectively expressed by the formula: 

* Depending upon whether R is fixed or subject to modification, this 
formula can be used either to determine the visual distanced for 
a given radius R or to determine a minimal radius R for a given 
base speed and lateral visual clearance . 

* When the radius R is fi xed , t he value of the lateral clearance for 
a given cross-section yields the realized visibility distanced. 
Either it exceeds the required visibility distance for the chosen 
base speed (cf. table 4. 31) or it is insufficient. In the latter 
case it will be necessary to lower the base speed to the level 
imposed by d or to recess the sidewall (i.e., increase e to the 
value d2 /8R ). A lowering of the base speed is generally preferable 
to enlarging the cross-section in the curve, except in certain 
cases where such structural changes present minor construction 
difficulties. In such cases we are concerned with the available 
options in the geometrical definition of the tunnel. 

* When the radius R is not imposed, the formula permits verification 
that each curve of the tunnel allows a visibility distance corres­
ponding to that required by the postulated base speed. When a 
curve does not allow the required visibility, its radius is 
increased accordingly so ' that it will. 

4.33 Special Conditions Imposed on Tunnels 

* The provisions indicated above are strictly minimal in that they 
do not take into consideration those perceptual difficulties which 
are greater in tunnels than in open air (pollution, limited 
lighting, etc.). 

* Radii that are too small (less than 500 meters) pose particular 
construction difficulties: control of drilling machines and erection 
of supports. One should , therefore, attempt to stay above .this 500 
meter design limit. 
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Chapter 5, LONGITUDINAL PROFILE 

5.1 Tunnels of Uniform or Anticlinal Grade 

5.11 Gradients 

Natural drainage of the tunnel requires a minimum gradient 
of O.2-O.4%. The gradient to be adopted depends in each case on 
the length of the tunnel, the foreseeable groundwater intrusion, 
as well as the exc avat i on methods employed (one or several head­
ings). 

It is desirable not t o exceed 1%, and never 2% in rather 
long tunnels, because the volume of exhausted pollutants increases 
very rapidly with increasing gradient , and thereby necessitates 
greater ventilation. In additi on, steep gradients have an unde­
si rable effect on slow vehi cles that increases with the length of 
the grade. (Cf. paragraph 6.71.) 

Steeper gradients may be necessitated by various e lements 
associated with the general longitudinal profile of the conne ct ing 
r oute, the geology , the placement of the tunnel portals, or with 
the s i te itself . In such cases it is best to consult the "Costs" 
volume which gives the nec essary elements for an evaluation of the 
financi al consequences of such a choice, and thus allows an economic 
judgment of the feasibility of modifying the longitudinal profile 
of the approaches. It must not be forgotten that a supplementary 
lane for s l ow vehicles will ' be ne cess ary if these vehicles w~ll be 
unable to maintain a certain minimum speed. 

Finally , the analysis of the longitudinal profile of a tunnel 
must not be diss oc iated from the study of the longitudinal profile 
of the approaches (fluidity of the traffic fl ow , speed limits, 
estimated truck speeds, etc . ) . 

For one-way tunnels, the necessity of ventilation may be 
diminished. But s t eep grades will cause trucks to slow do~m, 
thus decreasing the capacity of the tunnel. The standards for 
open- air highways may be used here. 
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5,2 Tunnels with Synclinal Grade 

In tunnels that slope down towards the center from both 
portals (generally tunnels in urban areas or under rivers and 
oceans) , it must be insured that the ceilings do not reduce 
longitudinal visibility below those values given in table 4.31. 
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Chapter 6. CROSS- SECTION OF TUNNEL ROADWAY 

6.1 Definitions 

The cross - section of the tunnel floor, indicated in the figure 
below, is broken down as follows: 

* Right insulator, consisting of a sidewalk or curb. 

* Right shoulder , which can serve (completely, partially, or not 
at all) for emergency stopping by certain categories of vehicles. 

* Traffic lanes. 

* Left shoulder. 

* Left insulator, consisting of either a sidewalk or a curb. 

Composition of Tunnel Floor 

left shoulder 8 D G 

I 
--- --i ·-

1 8 0 0 right shoulder 

left insulator V 2 VI ; --- Is 0 right insulator 

traffic lanes 

roadway 

tunnel floor 
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6.2 Floor 

6.21 In excavated tunnels of vaulted cross-section, a road-width of greater 
than 3 lanes is generally not recommended . In very exceptional cases, 
i.e., in very good terrain, it is possible to deviate from this rule 
if there are compelling reasons for going to 4 lanes. 

As a result, tunnels for superhighways or urban expressways 
are divided into two separate tubes, each carrying 2 or 3 lanes 
of traffic in a single direction. 

6.22 In tunnels of rectangular section, there is no theoretical objection 
to designing tunnels of up to 5 or 6 lanes . 

6.3 Roadway 

Roadway is defined as the space physically available to light 
or heavy vehicles; it is the total width of the traffic lanes and 
the two shoulders bordering them. 

The required width of the roadway (the road width) constitutes 
the fundamental element determining the width of the tunnel floor . 
Road width is particularly crucial in tunnels since an increase in 
floor width requires an increase in the total excavated cross-section 
and therefore in tunnel cost. 

In every project , once the relevant traffic data are available, 
road width requirements should be determined, prior to any specifi­
cation of floor dimensions. 

6.31 Necessary Road Widths under Different Traffic Conditions 

Figures A through I below specify the necessary road widths for 
9 different cases of traffic flow on a two-lane roadway. 

* 

* 

* 

Case A is appropriate for rapid and perfectly fluid flow at 100 km/h. 

Cases B, D, E, and Fare appropriate for safe flow at 50 km/h. 

Cases C, G, H, and I are appropriate for very slow flows that avoid 
the obstruction of the tunnel that might , for example, result from 
the breakdown of a vehicle. 

* The table on page 28 gives the road width necessary in each case 
to insure the maintenance of traffic flow in all lanes (with or 
without loss of capacity) when a vehicle breaks down. 

* These figure~ and tables do not imply that it is always necessary 
to insure the maintenance of traffic flow in all lanes during 
such exceptional circumstances. From the data provided, one can 
determine the consequences for both safety and traffic flow of 
such circumstances in tunnels not equipped with shoulders . 
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ROAD WIDTH DESIGNS FOR THREE DIFFERENT TRAFFI C CONDITIONS 

0,75 2 1,5 2 ,5 075 

HIGH SPEED 

100 km/h 

•◄-------7_.'-5_0 _________ ► Largeu r ro ulab le ~~~~s~~~~h 
necessa1re 

0 . , 
O • 

• •. . . . . 
·.•·-----,= 
0 · •• • . ;,. o:~.U:~;;;;:;:JJ. __ ~l....,---..J.4,.~·;-0 - -:-0-. -:-":. 0~ . o_' 

0 25 ' 
• I 

2 :0,75 
! I 

2.5 0,50 

: .. ◄ _______ 6 _________ ► La rgeur rou lable 
nece ssa1re 

o· 

•. 

0,10 I 2 

I 

I 
I 
;0,25 2 ,5 

.' • 

·o 

o· · .. • . " . 
! ; 

1 l 0 .15 

;--◄-----5------► Lar geu r ro ulable 
nece ssa1re 

MODERATE SPEED 

50 km/ h 

Necessar y 
r oad wi dt h 

VERY LOW SPEED 

Necessary 
road wi dth 

No te : The 2-meter widt h of passenger vehicles corresponds to t hat of t he 
largest passenger vehicles presently in use , actual ly rather rare in France. 
For medium-sized vehicles, this width provides the driver wi t h an added 
margin of safety . 
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ROAD WIDTH DESIGNS 

No Loss of Capacity ( 50 km/h) in Case of Emergency 

e· 

I 

2 10,75 2.~ 0.7~ : 2.5 I 0,25 
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MODERATE SPEED 

50 km/h 

I I 
9 

Necessary 
•~--------------------~ Largeur roulable road width 

necess a1re 

stopped 

0 

i 
~,.. _________ 8_,_5_0 ________ _.~ l.~rgeur roulable 

necessa1re 

·• ~: 
( ~ 
· ~E- "1· _u:::::;;;;;;:;lJ... __ ..u:::;;;:::u. __ ..,11,;;;;;;;;;;;;;:~L..,..,f:i·. ei:'. ""!.• -:;' •• , o· · •. .. . • ·. I 

I , 
0,25: I 2 

I 
1075' 
I ' I 

2 

I 

2 1 jo,2s 

.. ~ _________ 8 ________ __,~, l~rgeur_ ro ulab le 
necessa1re 

MODERATE SPEED 

50 km/h 

Necessary 
road width 

MODERATE SPEED 

50 km/h 

Necessary 
road width 
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ROAD WIDTH DESIGNS 

Very Low Speed in Case of Emergency 

• . 
o . . ' 

·o b · 

2 0,25 2,5 

8 la rgeur roulable 
necessa1re 

L 

0,25 2,5 0,4 2 0,25 

_________ 7~5 _______ ---a;I larg eu r roulable 
necessa1re 

•. 

2 025 2 025 2 

________ 7 _________ l argeur roulable 

necessa1re 
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VERY LOW 

SPEED 

Necessary 
road width 

VERY LOW 

SPEED 

Necessary 
road width 

VERY LOW 

SPEED 

Necessary 
r oad width 
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REQUIRED TUNNEL ROAD WIDTHS 

FOR DIFFERENT TRAFFIC CONDITIONS 

Number of lanes Traffic Patterns 
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Road width Road width 
direction during normal ~----------- (in meters) (in meters) 

operating condi - Moving Stopped for moderate for very slow 
tions vehicles vehicle flows at traffic flows 

50 km/h w/o 
loss of 
capacity 

One-way 1 PV PV 5.5 4.5 
HT PV 6 5.5 
HT HT 6.5 6 

2 PV PV PV 8 7 
PV HT PV 9.5 7.5 
PV HT HT 9 8 

3 F" ✓ PV - ' PV PV 11 9 . 5 
PV PV HT PV 11.5 10 
PV PV HT HT 12.5 10.5 

·----•··· 

4 PV PV PV PV PV 14 12.5 
PV PV PV HT PV 14.5 13 
PV PV PV HT HT 15.5 13 . 5 

Two-way 2 PV PV PV 8 7 
PV HT PV 8 . 5 8 
HT HT PV 9 8.5 
HT HT HT 9 . 5 9 

~--···--·-····--···· 

3 PV PV PV PV 11 10 
PV PV HT PV 11.5 10.5 
HT PV HT PV 12 11 
HT PV HT HT 12.5 11.5 

4 PV PV PV PV PV 14 12 .5 
PV PV PV HT PV 14.5 13 
HT PV PV HT PV 15 13.5 
HT PV PV HT HT 15.5 14 

Notes: 1. PV = passenger vehicle 
HT = heavy trucks 

2 . The various combinations not considered here are excluded by 
the prohibition of truck passing. 

3 . For two-way roads, very strict arrangements for signalling and 
presence of poli ce are assumed, thus safely permitting changes 
in lane direction. 
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6.32 Procedure for Choosing the Road Width 

The preceding considerations indicate a great flexibility 
in the choice of road width. It is necessary in each case to 
take into consideration the four following factors: 

* 

* 

Uniformity with the approaches. This does not necessarily mean 
maintaining the same road width, but rather it means maintaining 
a functional continuity. A distinction is made between the 
isolated tunnel (whether i t be long or short) whose character­
istics are determined by t he characteristics of the approaches 
because of the relatively greater cost of the latter , and the 
case of a series of tunnels whi ch , because of their greater 
relative costs, determine the cross-section of the approaches , 
the base speed, and t he l eve l of service of the route . 

Satis facti on of traffic requirements . Thi s requires a thorough 
understanding of the-type of route, the predicted traffic flow , 
and the proportion of truck traffic during normal and rush 
hours. 

* Maintenance of the level of service. Thi s depends on the impor­
tance of the route and the risks occasioned by breakdown or 
congest ion (the probab i lity of breakdown in the tunnel increases 
with tunnel length, type of service equipment , etc.) . 

* 

The t able below indicates the frequency of breakdowns and 
accidents; it is based on data from French tunnels presently 
in service . (For a detailed discussion , see Vol. III, section 
3. ) 

Event Frequency 

Breakdowns 85-9 5% ] 20 emergencies per 
➔ one million vehicle-

Accidents 5- 15% - kilometers 

Fires Very rare 

Electrical Failures About 10/year , not 
including strikes. 

Cost of tunnel. Attention must be paid to the financial 
consequences that could result from an excessive increase 
in road width. 
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6.4 Insul ators 

6 . 41 Tunnels with Sidewalks 

In tunnels where pedestrian traffic is permitted, it is 
necessary to provide insulators in the form of sidewalks of 
sufficient width and height above the roadway (0.20 m. minimum) 
in order to insure the safely of the pedestrians. Special 
precautions should be taken to separate the pedestrians from 
vehicular traffic. 

6.42 Tunnels Normally Banned to Pedestrian Traffic 

In the majority of tunnels, pedestrian traffic is banned, 
and a specially-marked bevelled-edge curbing is used as an 
insulator. 

This curbing, whose width should be at least 0.50 meter, 
is located so as to insure the required vertical clearance in 
all parts of the tunnel accessible to traffic; as well, it should 
be located so as to facilitat e maintenance and allow pedestrian 
movement of motorists who are vi ct ims of a breakdown or accident. 

It must be noted that an insulator is incapable of stopping 
a vehicle from leaving the roadway. Its use is essentially 
optical and psychological. In any case, recent experience seems 
to show that if there is a lane for emergency stopping, curbing 
is not necessary. Therefore, insulators on the side where there 
is a sufficiently wide emergency lane (l-2 meters) may be replaced 
by flattened or painted insulators of a reduced width (25 cm). 
This option requires, however, that traffic control signalization 
be located on tunnel ceilings rather than walls. Further evidence 
will show whether the total eliminati on of the insulators is 
feasible. 

6 . 43 Exceptional Circumstances 

* 

* 

In those cases where maintenance work and pedestrian traffic 
will likely be significant, a larger geometric dimensioning 
can be adopted; the width of the insulators can be increased to 
0.75. 

For rectangular cross-sections where constraints on the available 
vertical clearances necessitate locating signalization on the 
walls, an insulator width of C.75 m. can also be adopted. 
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6.5 Shoulders 

Right 

Left 

As a general rule the shoulders may only take the following 
values: 

Shoulder Width (in meters) 

One-way Tunnel Two-way Tunnel 

shoulder O, 0 . 25, 1, or 2 0 . 25 , 0.50, 0.75, or 1 

shoulder 0, 0.25 , or 0 . 50 0.25, 0 . 50, 0 . 75, or 1 

In no case should the width of the shoulder be 1 . 50 meters; 
this is a dangerous width, s i nce it encourages use of the shoulder 
but is insufficient for emergency stopping of vehicles and creates 
a hazard f or passenger safety. 

6 . 6 Traffic Lanes 

* 

* 

Traffi c lanes may only be 3 . 0 or 3 . 5 meters in width. 

As a general rule, the 3-meter width is exclusively reserved 
either for constrained urban sites where problems of subsoil 
acquisition require a res triction of cross - section or, if 
necessary, for mountai n t unnels with reduced traffic (e specially 
those having only light truck traffic). 

In urban sites , where it is necessary to design for lanes of 
both 3 . 0 and 3 . 5 meters in one-way tunnels, a width of 3.5 m. 
should be maintained preferentially in the following order: 
lane no . 2 , 1, 3 , 4, etc., the shoulders being the first to 
suffer any reduction in width. (Lanes are numbered consec ­
utively from right shoulder.) 

6 .7 Supplementary Lane for Slow Vehicles 

6 .71 Study of a Supplementary Lane for Slow Vehicles 

The following elements should be assembled: 

* Predicted traffic flow and the percentage of slow vehicles 
at those hours when the tunnel is likely to experience congestion 
as a result of its grade. 
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Longitudinal profile of the tunnel and of its approaches. 

Study, with the aid of SETRA simulation models, of the speed 
curves for the entire road section being studied. 

etc .... 

Attention must be paid to the grave financial consequences 
occasioned by the addition of a supplementary lane in the tunnel. 
It is therefore necessary to study with special care those solutions 
that eliminate the necessity of a special supplementary lane in the 
tunnel . These solutions may require a radical modification of the 
approaches . 

The adopt i on of a supplementary lane for slow vehicles must, 
in every case , be just i fied by an economic study. The elements for 
this study are specified in the provisional instructions for profit­
ability calculations for h ighway investments. 

The epv (equivalent passenger vehicles) values to be assigned 
to different types of vehicles as a function of the grade are 
given in the following table: 

Type of Cycle Motorcycle Car or truck 
vehicles less than 3 .5 

metric tons 

Value in 0 . 5 1 1 
epv 

1 Value of k as a funct i on of the grade: 

Grade ( % ) : 1 2 3 -

k: 1 2 2 . 5 3 

Bus or truck 
greater than 
3,5 metric tons 

2k 

4 

The figures given above are merely indicative. In particular, 
t hey do not take into account the constantly i mproving performance 
of the "average slow vehicle ," nor do they take into account the 
length of the graie -- parameters whose effect should be carefully 
studied. If necessary, SETRA possesses models that will simulate 
truck behavior. These models should be utilized in cases of complex 
longitudinal profiles. 

1
k applies only to the percentage of trucks at rush hours (QN) and not 

to the average daily volume J. At rush hours the percentage of trucks 
is on the order of 5%, while in daily volume it can vary between 12% 
and 30% . 
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6.72 Merging Problems 

In cases where the construction of a supplementary lane 
seems inevitable, it is absolutely necessary to avoid (1) any 
merges in the tunnel that might, for example, arise from the 
ending of the supplementary lane inside the tunnel, and (2) any 
merges of the supplementary lane in 300 meters immediately 
preceding or following the tunnel portals. 

6.8 Superelevation 

6.81 Straight Alignments (not superelevated) 

Since underground tunnels are normally protected from 
precipitation, the superelevation of the road surface in straight 
alignments should not exceed 1%. In 2- or 3-lane tunnels, the 
superelevation is normally to one side only , and varies between 
0.3-1%. 

In large tunnels or in certain other special cases, the cross­
section of the roadway may be cr owned. 

6.82 On Curved Sections 

Superelevation takes the values indicated i .n the following 
table; these values are based on general laws of vehicle kinematics. 

These standards permit some deviations in cases where super­
elevation in the curved section would have dangerous consequences 
(see 6 . 84 below). In this type of t unnel, a layout of larger radius 
always proves to be preferable. 

6.83 Precautions for Maintaining Clearance 

The presence of the roof, walls, lighting apparatus or-other 
equipment, and, in some cases, of a ventilation ceiling requires 
special precautions for maintaining the required clearances through 
the superelevated sections of the tunnel. 

The following figures indicate the applicable precautions to 
be observed in each case, namely: 

* 

* 

In the case of a semi-circular or circular tunnel, rotation of 
the cross-section about the tunnel axis. 

In the case of a rectangular tunnel, rotation of the roadway 
about the center line of the roadway. Because the side walls 
remain vertical, a greater tunnel width is required through the 
superelevated section in order to accommodate the inclination 
fr om the vertical of trucks moving through the superelevated 
section. 
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SUPERELEVATION IN CURVES 

As a Function o f Base Speed Vb and Radius of Curvature R 

~ (km/h) 

R ,mJ~ 

320 

400 
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600 
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900 

100n 

130 U 

I ">llO 

1600 

1800 

28 50 

3000 

60 km/h 8 0 Km / h 100 km/ h 

I % 2 , 8 % 

2 % 

2 , 5 7, 

~o n (kve 1· se 

on-suprelevat !on d Ovecs C 

• n-s upe relevat d 

l 
2 % 

Non u6v e r s e 

N n-superlevat 

LEGEND 

120 km/ h 140 km/ h 

Prohibited radii of curvature, failing t o meet mi nimal 
conditions of visibility ( see paragraph 4. 32 ). 

Radii of curvature that are not r ecommended (R < 500 m.) . 

Non-superelevated = 0. 3-1.0% 
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Devers en alignement 
d ro it . 

Superelevation 
through straight 
alignment 

Davers a 4 % en 
courbe 

rotation autour du 
du point 0 

4% superelevation 
through curve, 
achieved by rotation 
of cross-section 
about 0. 
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6.84 Transitions in Superelevation 

Curvature and superelevation are generally introduced 
progressively by means of clothoidal arcs of such a length that 
the variation of superelevation does not exceed 2% per second 
when traversed at the base speed Vb of the route. 

In very difficult cases, it is possible to go to 3% per 
second and introduce the superelevation through the straight section 
preceding the curve. In the case of special tunnels (e.g., tunnels 
having ventilation ducts under the roadway), circular arc transitions 
may be used. These cases are exceptional. 

6.9 Vertical Clearance 

Vertical clearance must be maintained across the full width 
of the roadway. In addition, a supplement of 0.25 meters is 
reserved laterally on both sides. Thi s margin of 0.25 meters 
while increasing the safety is also intended to minimize wal l 
effect as well as to prevent projecting or unbalanced loads from 
catching on the wall or on apparatus attached to it. 

A vertical clearance of 4. 55 meters is generally adopted 
(4.50 m. + 0.05 m. f or later repaving). Depending on the military 
importance of the route, clearance of 4.85 m. may be required 
(4.75 m. + 0.10 m. f or repaving) in order to allow the passage of 
special convoys during war time. In the case of vaulted tunnels 
without ventilation ceilings , this 4 .85 m. clearance may be 
obtainable on a part of the r oad , even though it is designed for 
a 4. 55 m. clearance across the full road width. The clear ance 
made available in this way is generally sufficient to allow the 
passage of military convoys . Consultation with the Highway 
Administration i s recommended in this matter . 
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6.10 Cross-sectional Dimensioning 

The following table gives the geometrically defined parameters 
of the interior cross-section of a semi-circular tunnel as a function 
of the road width and the width of ~he sidewalks or curbing: 

Vertical 4,55 
Clearance (m. ) 

Insulator width 2 X 0,5 2 X o, 75 0,5 et 0,75 

Road width 

8,00 (m) 
R (m) 4,939 5,073 S.,050 

------ ---------------- --------------- ----------------h 2,035 I, 780 2,028 

8,50 
R 5, I 62 5,299 5,275 

--------------------- --------------- -------------h 2,021 I, 7 53 2,024 

9,00 
R .5,388 5,527 5,501 

--------------------- ---------------- ----------------h 2,007 l, 726 2,000 

9,50 
R 5,6 16 5,756 5,730 

---------------------- 1.--------------- ---------------h l, 993 I, 698 l, 987 

10,00 
R 5,845 5,988 5,961 

------~--------------~-----·--------- ----------------h l, 980 I , 67 I I, 973 

10,50 R 6,077 6, 221 6,193 
---·--------------------~----------- --- ----------------h 1,966 1, 643 I, 959 

11 ,00 R 6,310 6,456 6,427 
------~-------------- ~------------- - ----------------h I, 952 l, 616 I, 945 

11 ,50 
R 6,544 6,691 6,661 

------!>---------------~--------------- ----------------h I, 938 - I, 588 l, 932 

12,00 
R 6,779 6,928 6,897 
---- --------------~--------------- ----------------h I, 925 I ,561 I , 9 I 8 

12,50 
R 7,01 5 7,166 7,134 

-----·- - ----·-----------
,_ _______________ 

----------------h I , 911 ! , 533 I, 904 
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Chapter 7, SAMPLE CROSS-SECTIONS 

The objective of this chapter is to present some cross­
sections that are currently in use. Given by way of example, 
they are evaluated in terms of their optimal utilization. This 
chapter does not in any way excuse the designer from considering 
the adaptations necessary in order to accommodate unusual circum­
stances (nature of the traffic, modes of operation, etc . ). 

Underground Connecting Ramp, One Lane Wide 

These connecting lanes should be used only rarely. In extreme 
cases the following profiles may be adopted: 

Profile no. 1: connecting ramp reserved exclusively for cars. 

Profile no. 2: connecting ramp normally used by trucks. 

Intermediate designs may be possible, based on a precise 
analysis of the approach conditions, the capacity of approaches 
to absorb a vehicle backlog , and the geometrical characteristics 
of the ramp (radii of curves, slope, and length). 

7.2 Tunnels on Superhighways (One-way traffic) 

The essential considerations here are the maintenance of a 
smooth traffic flow and the safety of the motorist in case of an 
emergency stop. 

One should use: 

Profiles no. 3 or 8 as a general rule; always in the case of 
short tunnels. 

Profiles no. 4 or 9 in cases where all heavy vehicles are prohibited 
at all times or where they are prohibited during hours when the 
traffic surpasses 1,700 epv/h in one direction (in the case of a 
two-way tunnel) or 3,400 epv/h in one direction (in the case of a 
one-way tunnel). The use of these profiles supposes the regulation 
of vehcile speeds t hrough the tunnel. 
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Tunnels on Urban Expressways (one-way traffic) 

On this type of route, vehicle speeds are normally limited; 
speed is not, therefore, the prime objective. The dimensioning of 
the roadway should on the contrary insure the uninterrupted flow 
of traffic. 

Profiles no. 3, 8 , and 13 may be adopted for routes of category 
B or C. (See General Instructions of December 1, 1968 . ) 

Profiles no. 5 or 10 may be used on these routes when truck 
and bus traffic is prohibited during rush hours. 

Tunnels on Slower Urban Routes (two-way traffic) 

Poor quality approaches (exits into an urban road system, 
presence of traffic lights and intersections, etc.) usually lead 
to heavy and uneven traffic flows on these r outes . As a result, 
the dimensioning of the cross - sect i on depends primarily on the 
nature of the approaches and the surface traffic conditions. 

Profiles no. 6, 11, and 14 may be adopted for tunnels that 
have little truck or bus traffic and for tunnels where traffic 
can , if necessary, be detoured around the tunnel through the surface 
road system. 

Profiles no. 7, 12, 15, and 16 may be adopted in cases where 
this is not possible. 

The choice may also depend on engineering considerations 
(subsoil obstructions , land acquisition problems, maintenance of 
traffic during construction, etc.), cost, length, and ventilation 
requirement s for the tunnel. For tunnels longer than 300-500 m., 
the widest possible profile is generally adopted. 

Tunnels on Undivided Highways in Open Country and in the Mountains 
(two-way traffic) 

Very long tunnels are outside the framework of the present 
directives. 

In a general way the dimensioning of the tunnels discussed 
in this paragraph depends essentially on their function: inter­
national route, tourist route, important route for the transportation 
o f merchandise, etc. 

It is also necessary to take into account the fact that, 
because they are often situated on less travelled routes or in 
areas of low population, these tunnels may require less constant 
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supervision after being opened for service. This necessitates 
the adoption of a wider cross-section. 

Depending on the case, profiles no. 6 , 7, or 11 are used. 
Other narrower profiles may be adopted, especially on routes used 
exclusively for touristic purposes. 





Regional Technical 
Service of Lyons 

Study Group 
on Tunnels 

May, 1970 

Ministry of Equipment and Housing 

WNNEL MANUAL 

(Volume II: Engineering) 

(Translated by Robert J. Matthews) 



2 

Foreword 

Within the framework described in the Summary Volume, which should have 
been read first, this particular volume deals essentially with the 
engineering of excavated tunnels. Problems that arise with regard to 
immersed tunnels and covered trenches are discussed only in the appendices 
to this volume. 

The volume is divided into five sections: Geology and Geotechnology, 
Construction, Lining, Watertightness, and Roadway. The first three sections, 
which treat the bulk of the work to be done by the engineer, consi der 
essential principles that are for the most part appliable to all under­
ground construction. On the other hand, the last two sections treat 
questions peculiar to highway tunnels. 

This division into five separate sections should not mask the 
interdependence of these five aspects during the various stages of 
project planning and construction. (See Chapter 3 of the Summary 
Volume .) 

It is advisable, therefore, that the chief project engineer read 
this volume through once in order to get an overview of the problems 
that are considered. He can then procee d to examine in more detail 
those problems that apply to his particular subject. 
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Chapter 1. PREFACE 

Object of this Section 

Some recent documents , mostly published by the Central Laboratory 
for Bridges and Highways, have given consideration to geological 
and geotechnical problems associated with the construction of 

highways, foundations, etc. 

Tunnels and underground highways are~ for the most part, 
correctly considered as singularities along a highway route, and 
thus fall within the purview of special studies. 

Although excellent documents concerning excavations have b een 
published, the geological and geotechnical studies applicable to 
highway tunnels have failed to take account of recent methodological 

developments of importance. 

Thus, it is the object of this section, which treats only 
hi ghway projects, to define the manner in which geological and geo­
technical studies should be conducted. This will be done both 
from the point of view of the project engineer and from the point 
of view of laboratory personnel such as geologists, hydrogeologists, 

soil mechanics specialists, etc. 

For purposed of clarity, it has appeared useful to clearly 
differentiate these points of view. We realize that there are 
similarities and that repetitions will inevitably occur. Indeed, 
such similarities demonstrate the necessity of a mutal interchange 
of information between the project engineer and laboratory personnel, 
during both planning and construction stages. 

This section treats excavated tunnels and must be adapted 
somewhat for studies of covered trenches. The objectives are quite 
different in each case; however, the studies are analogous. 

Submerged t unnels are not treated here as they present problems 

of a very special nature . 
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Importance of Geological and Geotechnical Studies 

What is the role and importance of geological and geotechnical 
studies in underground construction? 

Recent experience in such construction permits an .unambiguous 
response: 

* Despite the many uncertainties, the project engineer must be 
able to define his project accurately in both physical and 
financial terms. He must. also be able to determine the effects 
of the construction on the environment, understanding and 
defining both the risks and methods of construction. 

* Starting from observations that are often limited to those 
obtainable at the surface (when, in fact, this is possible) , the 
geologist ~ust be able to extend his observations in depth so 
as to be able to characterize the subsurface terrain, as well 
as to determine its hydraulic characteristics . Only then will 
the soil mechanics specialist (with whom the geologist must work 
closely throughout the project) be able to make realistic pre­
dictions and recommendati '"'~'" "":garding excavation methods and 
precautions to be taken. 

Needless to say, thes e studies are now vi ewed quite di fferently than 
they have been in the past. 

This section will explain how we think geological investigations 
should be conducted, thus demonstrating what we feel to be the 
fundamental importance to be accorded to them. All that ne eds t o 
to said here is that the knowledge gained from such investigations 
is motivated by two considerations : 

* 

* 

Respect for rigorous safety standards (protecting both surface 
environment and 3t ructures, and the tunnel itself) . 

Concern for precision, thus leading to a very extensive study­
effort from the very outset of preliminary planning, thr·ough to 
the very completion of the project. 

1. 3 Major Problems 

On a practical level, special attention should be paid to the 
following problems: 
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In soils: 

* 

* 

* 

Surface deformation (occasioned by the excavation and by 
changes in drainage provoked by the tunnel). 

Ground-water and permeability. 

Complete identification of soil structures. 

In rocks: 

* 

* 

* 

Heterogeneity of terrain. 

Faulting and joints. 

Ground-water circulation. 

* Behavior of adjacent terrain after excavation. 

These brief enumerations do not signify that the studies shoul d 
be limited to these problems, but rather that these are the major 
problems around which the fun damental options in each case should 
be organized. 

Finally, it is imperative that a qualified representative of the pr oject 
engineer always be present at the working face in order t o make the 
necessary gological identifications and in order to analyze any 
problems th~t may rise, notably those that require the correction of 
study resuJts, such as the location of irregularities and interfaces 
bet ween different types of terrain. Such a precaution will insur e 
maximum e f ficiency and safety for the project. 

The use of geology as a const ruct ion aid stems, perhaps here 
more than elsewhere , from systemati c obs ervations and measurement s 
in the field. Such experience increases wi t h every pro ject and i s 
the single most important ~equirement f or a realistic and well ­
executed study. 
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Chapter 2. UTI4IZATION~OF EXPERIENCE ACQUIRED IN y?!DERGROUND CONSTRUCTION 

r 
1 
I 

2.1 

2.11 

,. ~,' 

2.12 

I 

/ 

In undergr:fnd construction, gy0logical studies proceed on 
the basis of ana.J(ogies with previous projects. It is reassuring t o 
know that we very often have data on previously completed projects 
that make an essential contribution to our understanding of the 
sites and constfuction problems encountered in those projects. 

i 

Conceptual D~fferences between Former and Present-Day Structures 

It is always important t o use the greatest care in interpreting 
the data from previous projects; t he i r construction procedures and 
problems must be subjected to a careful historical analysis. 
Modern highway tunnels differ in t¥o important ways from the exca­
vations carried out in the past. 

Their cross~sectional profile, generally falling between 60 and 100 m2 , 
poses @.Il extremely important problem o f scale in relation to the older 
tunnelJ of smaller cross-section . In general, the major construction 
difficulties (internal support and surface deformation ) increase very 
rapidly with excavated cross-section . In the case of massive r ock 
formations, these problems are closely linked to the spac ing of 
internal discontinuities (fractures, joints, etc.): the smaller the 
spacing of the disc ontinuities relative to the dimensions of the cross ­
section, the greater the construction di fficulties. 

In the past few years, construction methods have undergone important 
changes (see Section 2): 

* 

* 

* 

Founded for the most part in a legitimate concern for greater 
speed and profit, these methods result in greater disturbance of 
the surrounding rock. This creates new tunnel-support problems. 

This trend will continue in future years through the more 
regular and systematic use of boring machines, thus giving rise 
to fundamentally new problems. 

Techniques of support, terrain consolidation , and heading have, 
therefore, little relation to those of the past. Side-drift 
headings, followed by the erection of a masonry lining, once so 
popular a technique, is now reserved only for very special cir­
cumstances. 
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2.2 Reference Structures 

2.21 

2.22 

2 .23 

2 .24 

Although it is always wise to refer back to previous- projects 
in order to strengthen one's own experience, the use of these data 
must be subjected to the following constraints: 

Hydroelectric tunnels are by their very nature less subject to 
environmental constraints (urban zones, location of tunnel portals, 
etc.). Their relat i ve flexibility in the choice of layout provides 
a high adaptability to geological problems (by allowing for small 
radii of curvature, steep grades, avoidance of geological irregular­
ities, etc.). In fact, these problems can often be resolved while 
construction is underway. 

2 
In addition, their cross-section is small (usually less than 

25 m ), while, on the other hand, their length may be quite con­
siderable (several kilometers) . 

Railway tunnel s are usually more severely constrained geometrically 
t han are highway tunnels. Nevertheless, their cross-section rarely 
exceeds 50 m2 , and they are generally built using traditional methods. 

Subway tunnels built in urban areas have a cross-section comparable 
to that of a railway tunnel. The average cross-section at a stati on , 
on the other hand, is on the order of 100 m2 (with the exception of 
such special structures as those for the stations on the East-West 
Regional Express in Paris which exceed 300 m2) . The constraints on 
location and construction methods are those typically associated wi t h 
urban sites (underground obstacles, location of headings and work 
sites, constraints on layout of system, etc.) and with surface geo­
logical characteristics (soils of varying characteristics and quality, 
presence of ground-water, et~.) . 

Many of the relatively older tunnels were excavated using 
methods t hat are now outdated; nevertheless, they serve as an interest­
ing source of information concerning the local geology and the 
behav i or of differ ent terrains. 

Recent subway construction, on the other hand, including con­
struction now in progress , is fairly extensive and can provide 
particularly useful data for the study of urban highway tunnelling . 

Only those mining galleries that are driven through solid rock can 
be assimilated to tunnels. These galleries are typically of small 
cross-section, and usually located in geologically complex massifs 
that have been greatly disturbed by adjacent mining operations. 
In addition, they are generally provisional structures in which 
long-term deformation is not of concern. As such they differ con­
ceptually form highway tunnels . 
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Public Works projects (major sewers and drainage galleries) can 
also provide information about the nature and behavior of local 
terrains, but the construction methods have for the most part been 
traditional. Very recent construction, however, exhibits very 
interesting characteristics. 

Old highway tunnels furnish information analogous to that furnished 
by railway tunnels. Recently constructed tunnels that have been 
subjected to continued scrutiny are relatively few in number. 
Experience in other countries adds some very valuable information 
because of their number and the diversity of the terrains traversed. 
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Chapter 3 . GOAL OF GEOLOGI CAL AND GEOTECHNICAL STUDIES 

General Principles 

Role of Geological and Geotechnical Studies 

The factors that must be considered in tunnel project 
planning are multiple and tightly intertwined. We can never­
theless attempt to order them in accordance with a schema which 
allows the project engineer to appreciate the importance of 
different geological and geotechnical studies, even though this 
schema does not accord perfectly with reality: 

* 

* 

The constraints levied by the topography, the proposed 
location of tunnel approaches , the relative importance and 
function of the tunnel within the connecting road system, 
the nature of the environs (urban site, ground-water, etc.) 
constitute the basic data for the schema . 

The economic benefits of the tunnel for the user-~ based on 
investment cost, operating expenses, and design of the 
connecting road system -- constitute the background against 
which the schema should be evaluated . 

Once these constraints have been ascertained and the 
economic benefits determined , the geological and geotechnical 
studies should be the very next step , for they provide information 
essential to the cost benefit analysis of the project. 

Of course, these studies do not always have a controlling 
influence, especially if certain constraints carry considerable 
weight (e.g ., land acquisition costs); nevertheless, they do con­
stitute a necessary step that , from the outset of preliminary 
studies, will permit: 

* A rough determination of the tunnel's location (layout, profiles, 
location of portals and approaches , etc.). 
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* A broad definition of potential difficulties (ground-water, 
terrain quality, envisaged construction methods,1 and natural 
constraints on construction such as faults, etc.). 2 

* A provisional estimate of cost and required construction time. 

Conditions Necessary for a Successful Study 

A successful geological study for a tunnel should obey the 
followi ng rules: 

(i) The geologists and geotechnicians in charge of the study should 
have previous experience with underground construction as well 
as a good knowledge of the local geology and hydrogeology . In 
most cases this rule will requi re the collaboration of several 
specialists from the same or from complementary disciplines . 

(ii) They should be completely briefed by the project engineer 
concerning any constraints on the project (urban environment, 
feasibility of layout and portal locat ion , existence of nearby 
tunnels, etc. 

(iii) The exploratory investigation should be directed towards a 
complete inventory of: 

* 

* 

* 

faults . 

geological zones presenting special construction 
difficulties. 

different kinds of terrain to be traversed and their potential 
behavior during excavation. 

The financi al consequenc e s o f an overs i ght or a mistake 
collllJlitted in t l!e preliminary stages of p"o ject planni ng can 
be very consider ab ~e . 

(iv} The studies should be detailed enough to allow the complete 
compilation of data with maximal certainty. The margin of 
possible error in the results should always be specified. 

Geological irregulari t ie s ( e . g. , faults) are often located 
some distance from the tunnel portals and cannot therefore 
be evaluated only by surface observations. Extrapolation 

1Problems relating to tunnel construct ion are t r eated in Sect i on 2 . 

2rt is during the second phase of planning, during t he preparation of 
the PPS, that detailed complementary studies are conducted in order 
to define more precisely the methods that have to be implemented in 
order to surmount these diffi culties. 
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error increases with depth, so that we must often resort 
to very expensive exploratory procedures (e.g., an exploratory 
gallery). 

The true behavior of the terrain traversed during · excavation 
is also very difficult to predict from surface explorations. 

(v) Sufficient t ime for these explorations should be set aside 
by the project engineer from the outset of preliminary planning, 
thus insuring that the observations can be made under the most 
favorable conditions. 

Limitations of this Chapter 

This chapter contains an analysis of the influence of 
geological and geotechnical conditions over the principle para­
meters defining the proposed tunnel. 

Some particularly important questions are studied in greater 
detail elsewhere in this volume: 

* 

* 

* 

* 

Tunnel portals, headings , and approaches in Chapter 6 of this 
section. 

Probl ems peculi ar to urban sites in Chapter 7 of this section. 

Construction methods in Section 2 of this volume. 

Lining in Section 3 of this volume. 

Tunnel Layout, Longitudinal Profile, Cross-sectional Profile 
and Supports 

This paragraph examines the geological criteria that must 
be taken into account when ' determining tunnel geometry. It .also 
discusses the geological and geotechnical studies that should be 
undertaken in order to as certain these criteria. 

Factors in Choos i ng the Layout and Longitudinal Profile 

The choice of an opt imal layout demands a thorough knowledge 
of the geological history of the area, the nature and disposition 
of the formations, the l ocation of any faults, and the position 
and seasonal variation of water table. 

More precisely , the tunnel's layout and longitudinal profile 
are dependent upon the following conditions: 

* Location of portals (taking into consideration constraints imposed 
by the approaches). They should be located so as to conform 
closely to the condit i ons specified in Chapter 6. 
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* The nature of the terrain traversed: 

* 

* 

* 

* 

* 

Fissured or altered rock, as well as poorly consolidated or 
plastic soils, should be avoided as much as possible. 

In the case of horizontal stratification, the tunnel should 
be located within the most des irable stratum, so as to avoid 
instabilities in the t unnel vault and compaction under the 
tunnel sidewall s . 

Orientation of the tunnel relative t o the principal directions 
of discontinuities (bedding planes, schistosity, fractured zones, 
joints, etc.). A perpendicular orientati on is most favored ; a 
parallel orientation the least favored . 

Presence of fault s, often accompanied by a brecciated zone and 
ground-water circulation. 

- In general, it is best to avoid them entirely, or to cut acros s 
them perpendi cul arly. 

- In the presence of hor izontal 0r s l ightly inclined faults, the 
longitudinal profi le shoul d be planned so as to stay as far 
away from the faulted zone a s possible . 

Presence of ground-water, which should be avoided by l ocating the 
tunnel in dry or impermeable r ock . 

In s oi ls it i s best to r emain, if at all possible, above the 
water table, thereby minimizing problems of support , excavation, 
dewatering , swelling pressur e s, watertightness , etc . 

- In rock i t is i mportant to choose massive and impermeable forma­
tions rather than those whi ch are fis sured (and which would 
allow f or grouLJ -water circulat i on) . Karst zone s s hould also 
be avoi ded (as t"1e_cc is -,.;1e risk of inte r cept i ng substant i al 
and dangerous ground-water flows . 

Predictable flows of ground- wate r . A s teep grade fac ili tate s 
excavation if a significant fl ow of ground- water i s to be drained. 
In any case , it is advis able to adopt a longitudinal profile 
having a minimal gradi ent of 0 . 2- 0 .4%. sloping towar ds the portal. 

Nature and thickness of overlyi ng r ock . I n general, the terrain 
quali ty increases wi th depth , and surface i rregulariti es become 
less pronounced. It is nece s sary to t ake special precautions if 
the thicknes s of the overlying cover is less than 7- 8 meters. 
This is, of course, an average mi ni mum depth tha t varies as a 
function of the t unnel cross - s ec t i on , the nature of t he terrain , 
and the surrounding environ s . 
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1. Subhorizontal bedding: overbreak and risk of collapse of the vault 
[bolting necessary]. 

-

2. Gallery parallel t o strike: (a) oblique bedding, (b) vertical 
bedding: 

- s i gnificant overbreak 

- flexion of exposed beds tangential to profile 

- risk of collapse of l arge s labs (in case of vertical bedding) 

a b 

3. Gallery perpendicular to s trike: the more vertical the, bedding, 
the less the overbreak: 

,,,,,.~---- ...... 
---I/ , -....-._ __ 

, ' 
, ' 

I \ 
I \ 
I \ 

I 
I 
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Factors in Choosing the Cross-sectional Profile 

The essential questions which concern the project engineer 
deal with the shape and dimensions of the tunnel cross-section. 

The following factors should be considered: 

* Presence of ground-water. It is be s t to choose a circular cross­
section (especially if there exists R strong piezometric head) 

* 

or at least a vaulted-arch (horseshoe) cross-section with a 
countervaulted invert (floor). 

Intrinsic properties of surrounding terrain 

- In the case of terrain susceptible to the development of 
expansive pressures (marls, clays, anhydrite), a circular 
cross-section s~ould be adopted, or if the troublesome zone 
is of short length, a countervault ed profile. 

- In the case of solid or only moder ately fractured rock, a 
vaulted-arch cross - section can be adopted, or perhaps even 
a more flattened profile if the rock is sufficiently massive. 

- In the case of soil or decompo sed rock, several shapes are 
permissible, including elliptical ones with the primary axis 
being horizontal or vertical , if they are economically 
feasible. The choice of cross-section is closely tied to 
the choice of construction method . 

* Geometrical structure of the terrain traversed 

- Stratification, fracturing, and the transverse heterogeneity 
of the massif may require different construction methods and 
may in certain cases determine the tunnel cross-section. 

- The longitudinal heterogeneity of the terrain traversed can 
also require changes in method or cross-section (or both). 
For economic reasons~ it is advisable to adopt a cross-section 
that is as uniform as possible thr oughout the length cf the 
tunnel. 

* Excavation methods (see Section 2) . It should simply be remembered 
that the constructi on method exerts an important influence on the 
choice of cross-section (cross-secti on is usually circular when 
a boring machine is used; usually r ectangular in other cases). 

3.23 Support of the Excavat ion during Const r uction 

A detailed clas s ification of the various terrains in terms 
of their primary geotechnical character istics, the stability of 
the excavation, and t he excavat i on methods employed is presented 



25 

in Section 2, Chapter 3 . In view of the influence of supports on 
the construction methods to be adopted, the duration of the 
construction, and tunnel cost, it is important that the project 
engineer have sufficiently precise information concerning the 
particular type of supports to be used. This presupposes a good 
knowledge of the formations and terrain to be traversed . 

3. 24 Studies to Be Undertaken 

* The choice of l ayout and longitudinal profile necessitates a 
general knowledge of the entire zone in which the tunnel may be 
situated. 

Thus, the primary goals of the geologist are the following: 

- To determine the inner structure of the massif: 

i) nature and disposition of the formations. 

ii) opinions on their amenability to excavation. 

iii) position and variations of water table. 

iv) major faults 

- To indicate the most favorable locations for the tunnel portals. 

These data can be determined with the help of: 

- Existing documentation (see 4 . 23 and 4.33). 

- Geological and hydrogeological observations covering a suffi­
ciently wide area . 

Geophysical testing and, if necessary, accompanying core samples, 
especially near the tunnel portals. 

These results should be presented in a very clear and concise 
manner, with the aid of cross-sections, scale-models, or sketches. 
They should indicate the most favorable areas for construction, 
location of aquifers and faults, and the recommended location of 
portals. 

* The choice of cross-sectional profile and the various provisions 
for support require a refinement of the geological studies along 
the chosen layout : 

- Complete identification of the formation along the proposed 
layout, with a determination of their longitudinal and transverse 
heterogeneity. 
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Hydrogeology: behavior of water t ables, direction and speed 
of flow, seasonal variations, et c . 

Internal structures (only in rock ): Orientation and spacing 
of discontinuities, location and spacing of joints, etc. 

Disloca~ed calcite 
without cohesion 
at joints, 
requiring a cast-in- place 
underlining. 

Overbreak resulting 
from diaclases 
in a gneiss formati on . 
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- Geotechnical studies, especially in soils. 

- Possibilities of special treatment, perhaps with full-scale 
in situ testing. 

Excavation of an exploratory gallery if there are ~ny major 
uncertainties concerning the structure of the massif, the 
behavior of the terrain to be excavated, or of its develop­
mental properties (swelling, alteration, etc.). 

The conclusions of these studies are closely linked to those 
concerning envisaged construction methods. The latter are in turn 
closely linked, for example, to the cross-sectional profile and the 
chosen type of support. 

Ground-water Problems 

Factors to Consider 

The problems caused by the presence of ground-water are 
usually of major importance to the project engineer. 

* In soils . The presence of a water-bearing stratum near the 
proposed site poses various difficulties: 

- Unfavorable short-term modifications to the mechanical 
characteristics of the soil. 

- Instability of the excavation due to the hydraulic gradient 
created by drainage of surrounding terrain. In poorly 
consolidated soils, there is a danger of collapse and piping. 

- Construction difficulties caused by subsidence or insufficient 
support for walls. 

- Generalized surface aubsidence resulting from a flattening of 
the bed: compaction resulting from dewatering of the ·bed; con­
solidation of clays. 

Special construction methods (using driving shield in 
pressurized environment, etc.) are necessary, regardless of whether 
long, tedious preliminary treatment has been carried out (compaction, 
dewatering, soil treatment). 

* In rock. The presence of significant quantities of ground-water 
in highly fissured rock formations following rainstorms can 
constitute a major hindrance to the advancement of excavation. 
Collapse of the excavated section can occur in the brecci~ted zones 
that accompany major faults. 
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Karstic water circulation is dangerous because of the 
potential risk of large quantities of rapidly fl.owing water. 
There is the double problem of safeguarding both the construction 
site and personnel . 

In addit i on, the strength of the rock can be affected in 
the following ways: 
r 

- Rock with acceptable mechanical properties and good strength 
when fi rs t excavated can be rapidly altered upon contact with 
water (marl s, calcite containing marl or clay in the joints); 
such rock can be protected only by the rapid placement of a 
protective lining (e.g ., shotcrete). 

- Upon contact with water, some r ock develops substantial 
expansive pressures (anhydrites, some diorites and clays). 

- Certain rock that have good strength when dr y (e . g ., gypsum , 
anhydrite ) may require major support and even preliminary 
treatment when wet (e . g ., dewatering , injections). 

Studies to Be Undertaken 

Because of the importance of these problems, i t is important 
t o know well the hydraulic characteristics of the terrain, as well 
as to anticipate as precisely as possible the probl ems that will 
arise, thus allowing an accurate appraisal of the following : 

* 

* 

* 

* 

* 

The necessity of special t re atments or construction methods . 

The investigations to be conducted during construction. 

The t ype and dimensions of the cross-secti on , as well as the 
location of drainage equipment (e . g ., pumps , wellpoints, etc.). 

Waterproofing ".'1' · 1'od t,n be used . 

The type of cement to b€ used in the lining (depending on the 
chemical properties of the ground- water ) . 

Hydrogeological studies should try therefore to define the 
f ollowing parameters: 

* 

* 

* 

* 

Hydraulic characteristics of the terrain. 

Types of ground- 0,rater sources . 

Flow rates. 

Dewatering or compiction methods. 
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* Chemical nature of the ground-water (corrosiveness for concrete 
or steel, possibility of using water in mixing t~e concrete, 
releasing of noxious gases , etc.). 

It is important to note that very detailed studies and properly 
executed tests do not always provide precise answers to the questions 
raised. In situ testing can contribute to more precise results. 

Follow-up Studies during Construction -- Verification 

It is necessary that the activities of the geologists and 
soils mechanics specialist continue during construction so that they 
can: 

* 

* 

Refine the studies and make concrete recommendations. 

Undertake a systematic research program, first through observation 
and then through measurements. 

The continued observation during construction permits: 

* 

* 

Verification of the accuracy of geological predictions, timely 
rectification of any discrepancies. 

Insure the proper conduct of the excavation, advising the project 
engineer as to the nature of the terrain, the proximity of faults 
and problem areas, and corrective measures to be taken. 

These observations also permit the collection of important comple­
mentary information on the following points: 

* 

* 

* 

Hydrogeology. A detailed study of ground-water characteristics 
(flow, temperature, chemical composition, location) permits a more 
precise decisi on concerning size of drains, necessary waterproofing, 
type of cement to be u~ed, etc . 

Surface deformation . Precise, systematic observations should 
permit accurate information regarding the risk of deformation, and 
should therefore allow ample time to make the required accommodati ons 
(restricted construction, special procedures). 

Behavior of excavated section . Observed decompression of adjacent 
terrain, deformation in tunnel walls and vault, or movement of 
the lining, can all necessitate a modification of the construction 
methods originally proposed on the basis of preliminary geotechnical 
studies. 
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Observations should result in a very detailed report. The purpose 
of this report is to summarize clearly the knowledge acquired during 
planning and construction of the tunnel, thereby providing a useful 
source of information for similar future construction. 

3.44 The whole of these observations can be advantageously used in the 
future since they contribute to potential theoretical developments 
(e.g., measurement of stresses and deformation in the lining). 

These measurements and observations thus make a significant 
contribution to the planning of future tunnels. 
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Chapter 4. CONTENT OF GEOLOGICAL AND GEOTECHNICAL STUDIES 

General Principles 

Necessary Conditions for a Successful Study 

The effectiveness of the geologists and geotechnicians in 
tunnel planning and construction presupposes the satisfaction of 
four preliminary conditions: 

* 

* 

* 

The laboratory must be fully informed regarding all aspects of 
the project: the amou~t of flexibi lity in the proposed layout, 
environmental or land acquisition problems, desired tunnel 
dimensions, etc . 

The studies should not limit themselves to a restricted perspective, 
but rather should encompass all potential solutions (thus, the need 
to know the internal structure of the massif, ground-water circula­
tiqn characteristics , etc.) . 

Geological analysis is largely analogical . The geologist must 
ba~e his conclusions on information gathered from previous projects; 
therefore he must exercise appropriate caution . 

As mentioned earlier, one cannot emphasize enough the importance 
of the geological observations that are to be made during construction. 
The geologist should c~pitalize on this fundamental source of 
information. 

* Sufficient time for the studies should be provided from the start. 
One year seems to be the minimum time required for carrying out 
a preliminary study. In the case of numerous solution variants, 
or in the case of a complex terrain formation requiring core samples 
or an exploratory gallery, or in the case of complicated hydro ­
geological factors, a minimum delay of two years should be anti­
cipated. 

The goal of the present chapter is to outline schematically a framework 
for the studies to be undertaken. In an effort to gain maximum clarity, 
the geological, hydrogeological, and geotechnical studies have been 
separated; it is of course evident that the schematization does not 
correspond to the real nature of the studies, since the studies com­
plement each other and are intimately interdependent. 
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In addition, the more precise definitions of the available 
study methods have been saved for an appendix. 

Finally, the special problems posed by the tunnel portals 
and urban sites are the object of a more detailed discussion in 
Chapters 6 and 7. 

Geological Studies 

Objectives 

The goal of a geological study is to bring into consideration 
the following: 

* A classification of the various geological structures encountered , 
in terms of the categories described in the second part of 
Chapter 3. 

* A complete description of all geological irregularities. 

In order to achi eve this , the study rests on the following 
basic elements: 

* 

* 

* 

* 

Geological and tectonic history of the massif. 

Structure of the massif. 

Description of the terrain along the tunnel layout, according to 
(1) their petrographic and mineralogical properties, (2) their 
geotechnical properties, (3) their Quality (degree of alteration 
and alterability after construction), and (4) the size and spacing 
of joints, and the location of discontinuities (only in rock). 

Locati on of other geological irregularities (faults , brecciated 
zones, etc.) 

Results to Be Expected 

The interpretation of these different elements, based on 
experience gained from excavation in analogous sites and terrain, 
should lead first t o a choice of layout, and then to predictions 
(of greater or lesser accuracy depending on the circumstances) 
regarding the following: 

* Behavior of terrain during excavation. 

* Possible evolution of the properties and structure of the formations 
wi th time . 
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* 

* 

Optimal cross-sectional profile for the tunnel. 

Type of support and possible construction methods. 

33 

The geologist should first use the most simple and rapid 
methods of investigation, then moving to more tedious and time­
consuming ones, observing the following order of investigation: 

* 
* 

* 

Inventory of existing data. 

Survey of surface. 

Complementary investigation (in situ testing and measurement). 

Inventory of Available Geological Data 

We should always consider as indispensable to the preparation 
of a study for a proposed tunnel an exhaustive compilation of all 
available geological data. This data should include information 
concerning the site, its geology and regional morphology, and other 
underground construction completed in the area. 

* 

* 

The compilation of documents and studies normally incluQes: 

Reports of previous work (railway or public utility galleries, 
mines, roadway tunnels, drainage systems, borings, foundations, 
driven piles, etc.} already carried out in similar formations and, 
if possible, not too distant from the proposed site. 

Geological documentation furnished by various colleges and 
institutes (stratigraphic, structural, and petrographic studies 
and core samples). 

* Maps, photographs, and especially aerial photos, which are vi.tal 
in identifying major geological irregularities, hydraulic charac­
teristics, and preferred tunnel layouts. 

* Documentation, as complete as possible, regarding surface structures 
(building foundations) and existing underground excavations and 
obstacles (drainage systems, sewage systems, backfilled excavations, 
etc.). 

* Meteorological (average rainfall, snowfall, etc.). 

It is important to remember that this information should be 
used with care, and does not obviate the need for further studies. 
First of all, these earlier geological studies may not have been 
carried out with underground construction in mind. Second, they deal 
with excavations that differ in conception and construction method 
from those considered in this document. 
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4.241 Scope of the Survey 

Once an optimal layout solution has been adopted, the study 
can be narrowed from its originally wide scope. The narrowed scope 
will depend in large part upon the geological complexity of the site. 

* 

* 

In the case of horizontal sedimentary strata without faulting , 
a survey encompassing a total width of about one hundred meters 
will be sufficient. 

In cases where the geological complexity requires it, a fairly 
detailed survey may cover several kilometers on each side of the 
proposed trace. 

4.242 Content of Survey 

It is imperative that the surface geological survey include 
the f ollowing: 

* 

* 

* 

Study of all the outcrops with an indication of their geological 
significance. 

Inventory of all tectonic features (folding, faul t ing, et c . ) . 

Determination of orientation of all discontinui ti es in r ock 
(bedding planes, diaclases, schistosity, jointing, etc.).l 

* Description of surface phenomena: 

- Alteration (fissures, eroded material). 

- Fissuring in relation to surface contouring. 

- Landslides . 

- Collapses (re s~7 ting from underground excavation or karstic 
dissolution) . 

* Hydrogeological observations (cf. 4.3). 

* Morphological interpretation. 

* An especially detailed examination of possible sites for the 
portals (Chapter 6). 

1
Predicting the degree of underground fi ssuring is often difficult i f 
only surface observati ons are available. These observations are 
nevertheless important a s t hey can be used to estimate the stability 
and overbreak of the excavation, and ultimately the type of spacing 
of the supports. 
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4.243 Presentation of the Results of the Geological Survey 

The results should be presented in the following form: 

* Map of all outcrops, with an indication of their sig~ificance. 

* 

* 

* 
* 

* 

Geological map whose scale will depend upon the precision that 
is attainable and upon the importance of the project (1/20,000 
in mountainous terrain when project is of major size, 1/5,000 
or 1/2,000 for a short tunnel in a region where there are 
numerous outcrops). 

Geological cross-sections along the axis of the tunnel and 
possibly in other planes of particular importance (with the 
same horizontal and vertical scale). 

Geological plan of surrounding terrain. 

Interpretation of these results, indicating in particular 
their reliability (certain, probable, uncertain) as well as 
those points on which it was not possible to comment or on 
which no predictions can be based. 

In geologically complex regions, an accurate geometrical 
reconstruction of the beds using a three-dimensional model. 

When sufficient precisi on cannot be obtained on the basis of 
a geological survey of the surface (in areas with no outcrops , in 
urban areas, etc, it will be necessary to undertake the studies out­
lined in 4.25 below at the very outset of preliminary planning, once 
existing documents and excavations have been examined. 

SAMPLE PRESENTATION OF THE RESULTS OF A GEOLOGICAL SURVEY 

Geological Plan of 
Terrain Traversed 
by the Tunnel 

Longitudinal Profile 
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SAMPLE PRESENTATION OF THE RESULTS OF A GEOLOGICAL STUDY (continued) 

Detailed Sections of Geological 
Structure of Block Limestone 
(Longitudinal location: 125-175 m.) 
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axis of project 

1m ... 

uda ;rojtt -

J Ill 4m 

- h C •--' 

The detailed sections depict the orientation and spacing of' 
discontinuities in different planes. In the example presented here, 
the chosen planes are : 

Pl: Vertical and perpendicular to the tunnel axis (thus coinciding 
with the working face of the excavation). 

P2: Horizontal and parallel to the tunnel axis (thus coinciding with 
tunnel ceiling). 

P3: Vertical and parallel to the tunnel axis (thus coinciding with 
the tunnel sidewalls) . 

The geological structure is presented in a horizontal plane by pro­
jecting Pl and P3. 

The angles between the plane of discontinuity and Pl, P2, and 
P3 is inscribed in a rectangle that is, by convention, the projection 
on Pl, P2, and P3 of a square surface contained in the plane of dis­
continuity, and of which one side is identified with the intersection 
of the plane of discontinuity and the plane of project ion. 
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4.244 Time Required for the Geological Surveys 

The necessary geological studies should be initiated as early 
as possible. 

* 

* 

The compilation of existing data, notably from reports on previous 
underground construction, and the necessary consultation with the 
project engineers or interested government agencies can take 
several months. 

The completion of the geological survey by one or two geologists 
will require varying amounts of time, depending on the topograhic 
conditions and the complexity of the local geology. Climatic 
conditions should also be considered, since they may extend the 
geologist's work over several years (e.g., when the tunnel is built 
in high mountains). 

Generally speaking, the time required for the geological survey 
increases rapidly with tunnel length, depth, and geological complexity. 
For example, a detailed geological survey of a tunnel 3 km. long, 
s ituated in complex topographic and tectonic area , will require six 
months of work. 

4.25 Complementary Studies 

A great variety of means is available to the geologists for 
completing , interpreting, organizing, and possibly even correcting 
the results of the surface geological survey . 

As will be seen in the appendices, geophysics, core samples, 
and exploratory galleries can make i mportant contribut ions. 

4.3 Hydrogeological Studies 

4.31 

These studies const itute a very important element in tunnel 
planning. 

Objectives 

Hydrogeological studies are usually carried at the same time 
as are geological studies, namely during the early stages of planning. 
Employing comparable methods of inve s t igation, these studies should 
determine: 

* 

* 

The location of aquifers and aquitards. 

The presence of ground-water (wate r tables or underground cir­
culation). 
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The hydraulic characteristics of ground-water (sources, flow, 
head, seasonal variations , etc. ) . 

The permeability of the terrain. 

The possible presence of karsts. 

Expected Results 

The interpretation of these findings should permit a more · 
or less accurate definition of the following: 

* 

* 

* 

* 

The general nature of -ground-water intrusion to be expected 
along the length of .the proposed tunnel. 

The head and flow rate of these ground-water sources. 

The possibility of drainage or special treatments (especially 
in the case o f soils) . 

The precautions to be taken regarding the watertightness of 
the tunnel. 

The study of a water table in soils is usually possible and 
permits a fairly accurate solut i on to the questions posed above. 
On the other hand, the hydrology of fissured massifs is less well 
understood. This complication is exacerbated by the difficulty of 
determining the exact pattern of the internal fissuring of the 
massif. 

Roughly speaking, a hydrogeological study includes the follow­
ing elements: 

* 

* 

* 

Inventory of existing data . 

Surface hydrogeological survey. 

Piezometric levels. 

* In situ experimentation and data collection using core sampling 
or exploratory galleries . 

A minimum delay of one year should be provided in order to 
allow the observations to cover a complete climatic cycle. 

Inventory of Existing Data 

Just as in the geological survey, it is desirable to collect 
information in the foilowng areas during the early stages of the 
survey: 
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The hydrogeology of analogous formations in sites comparable to 
the one being studied. 

Ground-water intrusion encountered duripg the excavation of 
similar formations. In this regard, we should bear in mind that 
certain formations are fairly consistent in their hydrogeological 
characteristics. Thus, analogical reasoning ca.n be very fruitful 
here. 

The individual in charge of the study should also seek the 
following: 

* 

* 

* 

Information concerning aquifers and the hydraulic characteristics 
of well understood sedimentary soils similar to those being 
studied (theses, results of core samples, results of pumping 
tests, summary documents from the Bureau of Geological and Mining 
Research or the French Petroleum Institute, etc,). 

Examination of reports and analyses of underground excavation 
in analogous sites (public utilities, railway tunnels, sewers, 
etc.), indicating the type, frequency, and flow of ground-water. 

Inventory of ground-water circulation (geothermal flows, karsts, 
etc.). It is necessary fi rst to inventory known caves (there is 
a listing of all known caves in France, published by the BGMR) 
and then to try to determine the location and flow of underground 
streams (consult with local speelunking clubs). Visits to these 
caves can provide the geologist with a fairly precise understand­
ing of the local tectonic and stratigraphic features as well as 
of local hydrogeological characteristics. 

4.34 Surface Hydrogeological Survey 

4.341 Carried out at the same time as the surface geological survey, the 
hydrogeological sur vey includes: 

* 

* 

* 

* 

The location of springs, wells, and other water sources. 

The location of infiltration zones (fissured zones, karsts, etc.) 

General observation of all phenomena that can contribute to a 
more accurate determination of ground-water pathways, location 
of aquifers, type of flow, and flow rate. 

Various other measurements (of the outflow from springs, tests 
to determine the flow rate of wells, determination of ground­
water pathways using tracers, etc.). The flow measurements 
should be taken several times so as to account for seasonal 
variations. 

The synthesis of these results can be fruitful when integrated with 
geological data. 
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4.342 Predictions concerning the proposed project are usually qualitative 
and cursory for any site .that is not well known, but they can be 
quantitative and fairly precise in certain homogeneous terrains 
where information on earlier underground construction is available. 

The study should at least bring attention to the difficulti~s 
that are specifically attributable to ground-water intrusion (presence 
of water, location and description of aquifers, risk of encountering 
underground streams, possible risk of ground-water under head, which 
can cause the collapse of poorly consolidated or unconsolidated 
terrain). 

4.35 Placement of Piezometers 

Exploratory core sampling can provide a good occasion for the 
placement of piezometers whose proper functioning will have to be 
verified periodically. It is necessary to employ this technique 
systematically in soils in order to locate aquifers and determine 
the shape of the water table. Such information is essential. 

* 

* 

The following data should be made as precise as possible: 

The height and extent of the water table in the terrain to be 
traversed by the tunnel. 

Interdepen~ence of water tables in various aquifers. 

* Piezometric levels of water trapped in permeable terrain surrounded 
by the impermeable soils traversed by the tunnel. 

Piezometric measurements should be conducted regularly over a 
period of at least one year. 

The piezometers placed for purposes of project planning can be 
used during and after construction to monitor hydraulic changes 
resulting from the excavation. 

In Situ Testing and Data Obtained Using Core Sampling and Exploratory 
Galleries 

A careful study of the core samples usually provides information 
useful in refining certain hydrogeological data: 

* Possibility of loss of injected fluids. 

* Ground-water intrusion in the corings. 

* Signs of ground-water circulation in the rock fi s sures, etc. 
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4.362 In Situ Testing 

The quanti t ative study of aquifers requires in situ testing 
to determine more precisely the hydraulic characteristics of the 
terrain (permeabi lity) and of the aquiferous st~ata themselves· 
(extent, coeff~ci ent of stored water, etc.). 1 . 

From data on drawdown characteristics, it is possible to deter­
mine the effective radius of wells, the flow to be expected during 
construction, the number of wellpoints required to carry out 
dewatering. 

Also, in certain heterogeneous formations (e.g., confined 
aquifers), these tests will indicate whether there exist any 
limited reservoi r s that are susceptible to rapid draining or if 
there exist major aquiferous strata that require special treatment. 

4.363 Data Obtained from Exploratory Galleries 

4.37 

Data obtained from these galleries are most useful because 
of their direct applicability. For each formation encountered 
they perm.it a det ermination of the following: 

* Type of ground-water source (localized, diffuse, etc.). 

* Flows. 

* Delays in appearance and location of ground-water movement 
as a function (especially) of exterior precipitation. 

* 
* 

The effect of ground-water intrusion on terrain strength. 

Chemical properties of the ground-water and its temperature. 
I 

From these exploratory galleries, we can draw conclusions 
concerning the pr obable speed of advancement, the necessity of 
using a boring machine, acceptable delays in erecting supports, and 
choice of waterpr oofing method. 

Study of Ground-water Chemistry 

The petrogr aphic nature of the terrain encountered will inform 
u·s of the presence of any diss·olved chemical salts (ground-water in 
triassic d!;?posit s is almost always sulfated; grounJ -waters in cry­
stalline t~rrains are usually rich in carbonic acid. Very soft waters 
can also be very aggressive). 

1
see appendices for discussion of Le Franc, Lugeon, and pumping tests . 
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Examination of the lining of existing tunnels for corrosion 
or concresence provides additional information regarding the 
presence of calciferous, sulferous, or ferrous ground-water. 

Samples can be taken from corings or exploratory galleries and 
then submitted to chemical analysis, thereby permitting a determination 
of the ground-water's corrosiveness for concrete or certain metals. 
Such an analysis will also establish the utilizability of the collected 
ground-water for construction purposes. 

The choice of type of cement will be determined by the corrosion 
resistant properties required of the concrete. 

Generally speaking, high shrinkage cements should be avoided. 

Special Case of Karsts 

Karsts present difficult problems and thus merit special attention. 

4.381 Problems Occasioned by Karsts 

* Ground-water sources very irregular both in location and flow rate, 
thus necessitating punctual treatment in order to assure water­
tightness of the tunnel. 

* Risk of intercepting underground streams, an immanent danger to 
the safety of both personnel and equipment, possibly requiring 
very substantial drainage, perhaps even a diversion gallery. 

* Risk of encountering cavities filled with alluvial or clay deposits 
that can fall into the tunnel gallery. 

* Risk of advancing tangentially to a major cavity without detecting 
it, thereby giving rise to the possibility of collapse of the 
excavation (the principal danger being collapse of vault or floor). 

Problems Occasioned by Karsts 

:/Loose deposits 
(clay, sand, . ~....-u.<71 



44 

4.382 Investiation of Karsts 

Before construction, one attempts to locate cavities and underground 
streams by: 

* 

* 

* 

* 

Inventorying and visiting subterranean systems. 

Gravimetry, to the extent that this is possible. 

Using tracer techniques. 

A detailed knowledge of the stratigraphy and principal systems 
of discontinuity of the massif helps greatly in understanding 
and locating these underground streams. 

During construction, one identifies the more important ground-water 
flows and karstic cavities, 

* 

* 

Ahead of the working face by means of core samples ta.ken through 
the working face. 

Along the periphery of the tunnel by means of core samples ta.ken 
along radii perpendicular to the tunnel axis, especially through 
the tunnel vault and floor. 

Karstic cavity located 
in tuµnel vault, 
requiring a cast-in-place 
concrete underlining. 
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Geotechnical Studies 

Objectives 

The geological, hydrogeological, and geotechnical studies 
constitute three complementary aspects of the study of 'the terrains 
to be traversed by the tunnel. 

The nature and disposition of the terrain traversed by the 
tunnel are revealed by the geological study which provides a prelim­
inary classification of the terrains. Nevertheless, geological 
definitions are often imprecise and tend to group under the same heading 
terrains that are actually quite diverse. 

Geotechnical studies should permit: 

* A more precise description of the terrain . 

* Predictions regarding both the behavior of the terrain as well as 
the stability of the excavation during the various phases of 
construction and after its completion. 

In particular, geotechnical studies should provide the data 
required for the definition of: 

* Possible construction methods. 

* Shape and dimensions of the tunnel. 

* Special precautions that should be taken during construction. 

Although the parameters determining the interaction of the 
terrain and the proposed tunnel are multiple and often poorly under­
stood , and depend not only on geological factors but also on the 
construction methods employed , it is nevertheless possible to 
outline in a general fashion the studies to be undertaken f or different 
types of terrain. 

Terrain Classification 

The second section of Chapter 3 provides a purposefully sim­
plified classification based on the principal difficulties associated 
with tunnel excavation and support. Terrains are divided there into 
three cate.gories: (1) soils, ( 2) rock that is either soft, heter­
ogeneous, or susceptible to rapid evolution, and (3) hard rock. 
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Studies to Be Effected in Soils 

The major problems posed by the construction of tunnels in 
soils are related to: 

* Mechanical characteristics of the terrain traversed. 

* 

* 

Presence (or absence) of water-bearing soils at the level of the 
tunnel. 

Consequences of subsidence caused by tunnel excavation, particularly 
surface subsidence in urban sites. 

The classic tests for identifying soils (in particular, granu­
larity, moisture content, Atterberg limits, etc.) should be comple­
mented by the studies discussed below. 

4.431 Studies of Mechanical Characteristics 

( i) Pulverulent soils 

* The internal angle of friction is the single characteristic that 
must be measured in order to determine the forces that the tunnel 
lining must withstand. 

(ii) Very plastic soils, and argillaceous soils of low or moderate 
plasticity 

* Short-term characteristics must be ascertained in order to deter­
mine the stability of the excavation during successive phases of 
construction, particularly in order to determine the load-bearing 
capacity of the soil foundations for the temporary vault supports 
(for tunnels excavated by half-section method) o r for the sidewalls . 

Short-term characterist ics are determined using triaxial 
tests on undisturbed samples . 

* Long-term characteritics provide more precise data on the long­
term behavior of soils. In part icular, long-term characteristics 
must be ascertained in order to determine the forces to which the 
completed tunnel will be subjected, based upon a study of the long­
term stability of the soil. 

Long-term characteristics are determined using triaxial tests 
that also measure interstitial pressure. 

(iii) Highly overcons olidated soils 

* The most serious problem is t hat of swelling pressure exerted on 
the tunnel supports and lining because of an increase in the 
moisture content of the overconsolidated soil. Generally speaking , 
one should avoid any modifications in the moisture content of these 
soils. 
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In order to estimate the potential swelling pressures, it is 
wise to conduct compression tests. Nevertheless, the results 
of these tests cannot be successfully extrapolated in order to 
deduce swelling pressures of the terrain under consideration, as 
the in situ conditions will be quite different. 

If swelling is expected to be significant, swelling ·pressures should 
be determined experimentally in situ by means of a test secti on in 
order to estimate potential pressures on the tunnel lining. The 
rigidity of the test section will influence the measured pressures; 
by using a sufficiently rigid test lining, the maximum potential 
pressure can be determined. 

(iv) Granular soils 

* As in the case of plastic soils, shear stress characteristics 
must be determined. 

4.432 Permeability Studies 

* 

* 

Terrain permeabili ty is important in determini ng : 

Techniques for treating water-bearing aquifers . 

Techniques for improving the mechanical characteristi cs of 
(1) foundation soils (stability of tunnel during and after 
construction), and (2) terrain overlying the tunnel (limitati on 
of surface disturbance, particularly in urban areas). 

These two complementary aspects influence the choice of 
construction method. 

The following tests must be conducted: 

(i) I n situ permeability tests 

Permeability tests on samples are unreliable as indi c:at :, r s 
of the average permeability of the terrain traversed . 

In ulverulent or cohesive soils it is necess a ry to conduct 
in situ water tests see Appendix 4). In the case of very plasti c 
soils that are practically impermeable, these tests are of no value . 

Depending on the case at hand, these tests will (1) establish 
the possibility and efficacity of drainage , or possibly of lowering 
the water table, or (2) guide the choice of soil treatment technique s . 

(ii) Possible treatment tests 

When the i mportance of the tunne l or external cons t r a ints 
(e. g ., urhan site) justify the use of a soil treatment procedure 
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(injection, electro-consolidation, or a special treatment in the 
case of very plastic, humid soils -- usually freezing), in situ 
treatment tests must be conducted in order to ascertain and-­
verify the efficacity of the procedure. Preferably the terrain 
treated should be observed by means of an excavated shaft or gallery. 

4.433 Study of Problems Related to Surface Subsidence 

These probl ems are of three principal types : 

( i) Generalized subsidence occasioned by a l owering of the water 
table, which can result from a pumping drawdown , or more 
generally, from the drainage action of the tunnel. 

This type of subsidence result s both f r om an increase 
in effective stresses in the dewatered strata, and in adjacent 
strata, and from the consolidation of clays . 

The prediction of subsidence is difficult, but it is 
nevertheless possible , using certain simplifying hypotheses , 
to estimate the order of magnitude on the basis of compression 
and consolidation tests. In practice these tests are necessary 
only in the event that a substantial drop in the water table 
is expected. 

',J ii) Instantaneous subsidence, in contrast to the above, results 
direct l y from disturbances caused by excavation . Such sub­
sidence is directly linked to delays in placing supports and 
to the insufficient rigidity of these supports . 

Model studies (see Appendix 6) will aid in determining 
the order of magnitude of this type of subsidence . Yet , 
because instantaneous subsidence depends heavily on the 
construction method utilized, successful prediction depends 
heavily on acquired experience . 

(ii i ) Localized subsidence of soil foundations. 

This type of subsidence is partially included in the 
preceding types; nevertheless, it is useful to distinguish 
localized subsidence inasmuch as one is interested in limi t ­
ing it as much as possible. 

Localized subsidence concerns the soil foundations for 
the tunnel supports, or perhaps temporarily for the vault , 
sidewalls, and abutments . Moreover, the possibi l ity of 
deformation of the foundations may necessitate mo lifications 
in the construction method for the tunnel lining . 
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Generally, compression tests on soils of low cohesivity 
(R < 2 bars) are necessary in order to determine the order of 
ma~itude of this subsidence, thus ascertaining its acceptability. 
In addition, when the predicted short-term subsidence is relatively 
significant, in situ loading tests should be conducted in a test 
shaft or gallery on the soil that will provide the foun~ation for 
the sidewalls or abutments. 

Studies to Be Effected on Rock That Is Soft, Heterogeneous, or 
Susceptible to Rapid Evolution 

4.441 General Characteristics 

(i) Characteristics of the Rock 

Resistance to simple compression is the principal character­
istic. Dry density and moisture content are also important fac t ors. 

A petrographic study of the rock along wi t h a determinat i on of 
its hardness and abrasivi ty should be made where use of a boring 
machine is envisaged. These char acteristics have an essentially 
comparable value, and permit an appraisal of the relative merits 
of vari ous bori ng machines that have been used in similar situations. 

( ii) Study of discontinui t ies 

The different types of discontinuities (joints, faults, dia­
clases) have a determining influence on the stability of the excavation. 
The ir study is generally conducted in the course of geological studies. 

These discontinuities constitute surfaces of least mechanical 
resistance. 

When t heir unfavorabl e orientation threatens the stabili ty of 
the tunnel (par ticularl y in t he case of tunnels of large cro s s ­
section: r ock falls and slides, instability of facing}, shear-stress 
tests should be conducted on samples. 

These tests only establish the order of magnitude of the resist­
ance of the joints. 

4.442 Special Studies 

Some rock poses special problems, and for this reason merits 
special study. 
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(i) Creep 

Some rock is subject to creep when subjected to the redis­
tribution of stresses normallyencountered near the excavation. 

Certain varieties of chalk present this problem, although 
others are quite fragile even under weak stresses. 

Other rock (marls, marly limestones, altered shales) behave 
similarly, though to a lesser degree. 

When there is the possibility of significant deferred deform­
ation, a measurement of terrain pressure should be effected in a 
test gallery by means of a test section. 

(ii) Alterable Rock 

This rock must be submitted to alteration tests. 

Subterranean alteration is typically the result either of 
e.fflorescence or of internal decohesion caused by the swelling of 
certain minerals. 

The tests involve heating and exposure to oxygenated water; 
nevertheless; the interpretation of test results is difficult and 
should be left to a specialist. 

(iii) Marls 

Depending on the nature and proportion of swelling clays 
(argils) that they contain, marls may be susceptible to swelling 
resulting from an increase in their moisture content. A minera­
logical analysis should be conducted in order to determine 
(1) the Ca C03 content, and (2) the nature and proportion of 
argil present. 

The mineralogical analysis in conjunction with compression 
tests provides data for estimating the s-velling potential of the 
marl. 

When swelling will be signi ficant, measurement of swelling 
pressure should be effected using a test section constructed in a 
test gallery. This will permit a determination of the pressure 
that will probably be exerted on the tunnel lining. 

(iv) Anhydrite 

The transformation of anhydrite into gypsum is ~~companied 
by an increase in the volume of the rock. 

This swelling can result in pressure on the tunnel lining. 
The significance of these pressures is disputed; however, swelling 
is not to be feared in a massive anhydritic formation that is free 
of ground-water. 
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In all other cases it is wise to conduct swelling pressure 
tests in a test gallery in the same manner as for marls. 

Generally speaking, anhydrite adjacent to the excavation 
should be protected from contact with water, and no attempt should 
be made to drain anhydritic formations. 

Studies to Be Effected in Hard Rock 

The tests for soft rock described in 4.441 are equally appli cable 
to hard rock. 

Nevertheless, a new problem appears in the case of hard r ock, 
when the overlying covering above the excavation is great (i.e., 
several hundred meters; this figure varies as a function of the 
nature of the rock and increases with the rock's resistance to 
compression). The stresses on the excavation facing may exceed 
the rock's resistance to rupture, causing the r ock facing to spall 
violently. Bolting may be necessary to prevent the spalling of 
large slabs of rock. 

The risk of such de compress i on can be anticipated by measu~ i ng 
pre-existing stresses in the rock. The most current procedure 
involves the use of core samples t aken from an explor ato r y gallery. 
A platform j ack can also be used to measure s t resses in the immediate 
neighborhood of the excavation facing . Neverthele ss , becaus e this 
zone has generally been fractured by bl asting and t hus de compressed , 
it is difficult to draw any conclusion from jacking t ests regarding 
the pre-existing stress distribution in the undisturbed rock. 

For hard rock, the possibility of using the excavated material 
in the r oadway or in concrete should be examined. 
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Chapter 5, ARTICULATION OF GEOLOGICAL AND GEOTECHNICAL STUDIES 

Objectives and Limitations of Present Chapter 

In Chapters 3 and 4 above, certain criteria for tunnel design 
were discussed, as were the studies required of the geologist in 
order to define those criteria. 

5,11 Need for Timetable 

5.12 

5 .13 

From the project engineer 's perspective, project planning 
progresses by su0cessive stages corresponding to the various 
administrative phases. 

The individual responsible for the geological and geotechnical 
studies should organize these studies in such a way as to assure 
that at each stage the required information is ready at hand. 

Objective of the Chapter 

The present chapter attempts to outline the geological and 
geqtechnical studies within the framework of the planning chronology. 

It goes without saying that these remarks are not universally 
and invariably applicable. On the contrary, it is necessary at each 
stage of the planning proGess to review and possibly modify the plans 
for further studies, cons i dering the possible delays, the possibility 
of conducting the studies after construction begins, the design and 
cost of the tunnel, e tc . 

It is in this spirit that the remarks contained in this chapter 
are to be understood . 

Limitations of the Chapter 

The following tables can be used in the majority of cases 
(excluding immerged tunnels which require special stud: e s of a 
different sort). 
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The uniqueness of each tunnel (length , site , surr ounding terrain, 
covering, etc.) will nevertheless lead the project engi neer and the 
various study groups to emphasize certain aspects of t he studies to 
the neglect of others . 

5.2 Articulation of the Studies 

The studies are divided into three stages, corresponding to 
the aCT11inistrative chronology: 

* 

* 

* 

The preliminary studies (for the Proposal Document) must identify 
the various problems associated with the project and provide a 
rough estimate of costs . Preliminary studies culminate in the 
choice of a single base solution , and possibly a limited number 
of variations on that solution . 

The Preliminary Project Summary issues from the phase i n which a 
precise solution emerges from the choices between major design 
options. On the basis of these decisions a more precise estimate 
of costs is also achieved . These studies must be very comprehensive 
in order to eliminate the possibility of er ror in these estimates . 

The Detailed Preliminary Project Summary and actual construction 
no longer represent distinct stages. 

The following tables define t he content of the studies for 
each of the stages . 



No. Study Phase 

2 

1 Geometrical 
study of 
possible 
solutions 

Geological and 
hydrogeological 
investigations 
and analyses 

3 Special study 
of major 
difficulties 

4 Choice of 
possible 
solutions 

PRELIMINARY STUDIES 

Tasks 

Envisage every possible solution 
within a wide band of terrain: 

- no tunnel . 

- covered (uncovered)trench . 

- tunnel. 

* Inventory of existing data . 

* Study of underground strutures 
in similar sites . 

* Summary of geological and 
hydrogeological surveys . 

* Pr ecise terrain survey. 

* Geophysical study. 

* Core samples . 

* Study of analogous cases. 
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Required Results 

* Geological map 
(1/20,000 or 1/5,000). 

* Anticipated longitudinal 
profile. 

* General evaluation of 
possible layouts. 

* Inventory of difficulties 
inherent in each layout . 

* Difficulties that do not 
compromise the project , 
for which approximate 
cost can be estimated . 

* Location of portals 
and approaches. 

* Major problems affecting 
the feasibility of the 
project. 

* Descript i on of difficulty 

* Proposed technical solu­
tion and its estimated 
cost . 

* Cost estimate for each solution . * Pres~nt~tion of (1 ) ~ base 
solution , and (2) poss ibly 

* General estimate of cost of a limited number of varia-
entire road system. tions on that solution . 1 

1As the geological studies cannot consider all relevant factors , the project 
engineer must determine which variations are feasible. 
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STUDIES FOR THE PRELIMINARY PROJECT SUMMARY 
___, 

" 

No. Study Phase Tasks Required Resu.lts l 
- ---· ' 

1 Geometrical * Plan (1/5 ,000 ), • f 
study of i 
layout for * In urban sites, a more \ 

i 

possible detailed plan I 
(1/2,000-1/500). 

t 

variations 
- -+---------1----------------------<1------------------l 

* Plan, longitu~inal prcfile~ 
2 Geological , 

hydrogeo­
logical, anc. 
geotechnical 
study of 
massif: 

a) General 
study: 

* Detailed geological and hydro­
geological surveys: 

- study of outcrops; core samples; 
geophysics at the portals; 
piexometry. 

- very precise l ocation of geo­
logi cal irregularities. 

- study of internal geometry 
of massif (fissuration, 
stratification, etc.). 

and various sections of j 
anticipated geclogy . 
Models. 

* Complete evaluation of 
water tables and g~ound­
water circulati on. 

\ 
\ 
\ 
I 
I 
I 

I 
* Longitudinal 

geotechnica,l 
of terrains. 

profile with i 

identifi cation! 

I 
- geotechnical study (testing i 

of samples) . * Proposal regarding the i 

I 7 
+ t t 

11 
general method of i 1 , -· exp~orauory or es ga ery · construction and estimate I 

'-------------t------------------------------------•--•f_its_cost. ______________ ~ 
b) Study of l* Additional inve s t i gations: * Investigation of base I 

special solution and estimate . 
- core sampling. , problems: 

1 
of its cost. ! 

- explorator y gallery . ! 
! 

* Special geotechnical studies: 

- behavior of terrain. 

·- study of possible t reatments 
( consolidation., waterproofing, 
dewatering, freezing, special 
construction methods). 

I 
I 
l 

I 
1---+--------f--------------------+-·------------------1 

i * Intersection of layov.t 
with terrain. 3 Study of 

approaches 
* Geological and geotechnical 

study of portals. 

* Study of approaches (layout 
and structures). 

1--4---------+--------------------+-----------------
* Layout specified to 

within 50 meters . 
4 Precise 

definition 
of chosen 
layout 

* Synthesis of studies for 
1, 2, and 3. 

* Estimate of construction 
time and cost 

1.1m exploratory gallery may have been necessary for the preliminary studies. 



No . Study Phase 

1 Detailed 
study of 
portals 

2 

3 

4 

5 

Additional 
study of 
terrain 
quality and 
construction 
methods 

Additional 
study of 
difficult 
zones 

Study of 
special 
work-site 
conditions 

Final 
project 
study 

STUDIES FOR DETAILED PPS AND FOR ACTUAL CONSTRUCTION 

Tasks 

* Geological and geotechnical studies. 

* Construction techniques (anchorages, 
slurry walls, heading methods, etc.) 

Required Results 

* Exact location of portals 

* Time required for 
preparatory work. 

* Additional geological and geotechnical * Detailed study of 
studies: construction methods 

- specification of design assumptions. 

- strength of terrain traversed. 

- nature and extent of anticipated 
support. 

- presence of ground-water, antici­
pated solutions. 

- excavation difficulties. 

- design and dimensioning of lining 
and cross-secti on. 

- evaluation of injection requirements 

and precautions. 

* Estimated cos t based on 
foregoing (basis for the 
Request for Proposals). ' 

* Required const ruct ion 
time. 

* Efficacity of possible 
s oil treatments. 

* Experimentation with different methods* Proposal of a base 
of handling the problem (in situ s olut ion and estimate 
tests). of the construction 

time and cost. 

* Identification of difficult ies that 
will be encountered during construc­
tion: 

- constraints on size of work-site 
presence of other structures, 
limited land av&ilability). 

- limitations on disturbance 
(surface subsidence, shock). 

* Synthesis of foregoing studies. 

* Formulation of r elevant 
clauses for Contract 
Specifications Document. 

* Initiation of f i nal 
project review. 

* Prep,1.ration of 
Reque st for Proposals 
and Cc ntract Specific­
ations Document. 
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Chapter 6. SPECIAL STUDY OF THE TUNNEL PORTALS 

General Remarks 

It would be possible to cite a large number of projects where 
initial estimates of construction time and cost have proved 
grossly inaccurate because of inadequate portal studies. 1 

In some instances the lack of these studies has necessitated 
a complete change in construction method, indeed in some cases 
even a modification in the tunnel's layout after construction 
has begun. 

Moreover, by fact of their position, delays in construction 
of the portals generally delay all other construction as well. 

For these reasons, a very detailed study of the portals 
(and any related problems) must be undertaken simultaneously 
with the geological and hydrogeological studies of the entire 
tunnel layout. 

A full understanding of the problems presented by the portals 
is an important factor in determining the choice of layout. At 
very least these problems are a crucial factor in fixing the 
extremities of the tunnel. 

The study of the tunnel portals, while conducted simultaneously 
with studies of the tunnel itself, must be treated separately from 
those studies, because of: 

* 

* 

The special problems posed by the portals (strength of the vault 
in a zone of light cover, which is often unconsolidated; foundations 
for portal structure; stability of embankment adjacent to the 
heading). 

The means of investigation that are available (more core samples 
because of the shallow depth, surface geophysics, mechanical tests, 
etc.). 

1Let us mention, for example, the case of an apparently routine tunnel head­
ing that because of landslides ended up costing an additional 7 million 
Francs (not including indirect costs resulting from construction delays). 
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Special Character of the Portals 

Tunnel portals must be considered as complex structures 
whose construction is rendered all the more difficult because 
a smooth, confident construction routine has not yet been 
developed. Portal construction typically coincides with the 
period during which the contractor is testing and refining his con 
construction methods and techniques. 

Stability Problems 

The portals are very often located in geologically disturbed 
sites where the nature of the terrain, orientation of planes of 
discontinuity, and hydraulic characteristics do not favor the 
different types of stability being sought: 

* 

* 

* 

Stability of terrain overlying the heading and of the 
embankments on either side of the entrance cut. 

Stability of foundation terrains for the portal structure 
itself (sidewalls, revetment, etc.): terrains are usually 
of poor quality and subject to slides. 

Stability of terrain covering the vault when of shallow depth 
(several meters): Loose soils; highly fractured, altered rock. 

Heading in flysch 
(alternating strata 
of marl and sandstone 
running parallel to 
strike. Instability 
of the apex of vault. 
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Experience indicates that the major problem is generally 
that of the stability of the entrance cut to the tunnel. 

Types of Headings 

* 

* 

There are two major categories of headings: 

Headings that are perpendicular to the elevation contours of 
the slope; this is the most favorable case , as potential problems 
are limited to the terrain directly overlying the heading. 

Headings that are very biased relative to the elevation contours 
of the slope; in this case major terracing will be necessary, 
particularly in the case of tunnels having two parallel tubes. 
Stability of the entrance cut will in such cases be the major 
concern. 

Factors to Be Examined in Every Case 

Given the possible consequences of construction in such 
unfavorable conditions, special attention should be paid to the 
following factors during construction: 

* 

* 

* 

Modifications in the hydraulic equilibrium of the adjacent terrain 
resulting from the excavation of the heading and entrance cut. 

Modifications in the mechanical equilibrium resulting from this 
excavation. 

Effect of shocks caused by blasting. 

* Ver unfavorable conse uences of the fact that such a large area 
is being excavated e.g., incorporation of ventilation stations 
into the portal structure, conjoining of portals for each of the 
two tubes to form a single structure). 

6.3 Choice of Location for the Portals 

The choice of location proceeds chronologically through two 
distinct stages: 

* 

* 

Choice of possible site s (in plan and in elevation) compatible 
with the general layout of the tunnel . 

Choice of actual location for the portal, once the layout has 
been fixed in plan and in elevation . 
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Choice of Possible Sites 

The general layout of the route served by the tunnel 
delimits the area in which the best sites for the portals should be 
sought (in the case of tunnels in open country). 

Jm area that is uniformly unfavorable should in principle 
be avoided, even if this means a smal l increase in the length of the 
route. 

The choice of sites is then based on the following criteria: 

6.311 Avoid as much as possible: 

* Avalanche corridors in high mountains; examination of 
vegetation (often uprooted by avalanches) and advice from 
mountain guides and specialists provide very reliable inform­
ation. 

* 

* 

* 

Naturally unstable zones that show signs of superficial or 
massive slides. 

Periodic leveling of elevation marks may be necessary in 
order to detect such instability. 

Humid zones. It is wise to avoid the bottoms of thalweg or 
areas of ground-water sources, for the presence of ground­
water can be very troublesome (instability of embankments, loss 
of grouting or refrigeration, etc.). 

In built-up areas, proximity to water services or other such 
improvements susceptible to damage , wi th the resulting risk of 
inondation of the work-site and terrain. 

6.312 Seek : 

6.32 

* Terrains having good strength near the surface. 

* A steep slope, where the tunnel covering will increase rapidly 
with advancement into the mountain. 

* Favorabl oriented formations as regards excavation and 
stability of slope if possible, the strike paraL' el to contour 
lines, the dip towards the mountain). 

Choice of Actual Location for the Portal 

This choice arises from the interaction of topographical, 
geological, and geotechnical data, construction methods, and 
various other factors: 
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6.321 Topography 

A minimal covering of 7-8 m. is generally necessary if 
one wishes to avoid major difficulties caused by the proximity 
of the surface (collapse, subsidence, etc.). 

6.322 Geology and Geotechnology 

The nature and disposition of the terrains and ground-water 
movement are factors in the choice of: 

* 

* 

The minimal covering, which depending on the circumstances 
may be increased (soils, presence of structures) or reduced 
(good rock in thick beds, or with favorable dip). 

The importance of the entrance cut which may be long in good 
terrains that do not require support or short in unstable terrains 
covering good rock at a shallow depth. 

6.323 Construction Methods; Other Factors 

The final choice of location can only be the result of a 
close collaboration between the project engineer and the geologist 
or geotechnician for the purpose of evaluating many factors: 

* Direction of tunnel excavation (it is easier to exit than to 
enter unfavorable terrain). 

* Construction method for the portals (ground-wall support, 
grouted soldier piles, timber piles, slurry walls, soil 
treatments, covered trench, anchorage of rock). 

* Ancillary structures (ventilation stations, sunscreens). 

* Possibility (or impossibility) of using certain machinery. 

* Aesthetic considerations. 

6.4 Content of the Studies 

Two principal criteria can be retained as the basis of a 
simple classification: 

* The environment and site (urban or rural). 

* The nature of the terrain traversed (debris, loose soil, or rock). 
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The special problems posed by tunnels in urban sites are 
treated in detail in Chapter 7. Only those problems related to 
the nature of the terrain traversed will be mentioned here . 

Regardless of where it is located, the portal sites should 
always be the object of a very detailed geological and geotechnical 
study that reveals: 

* 

* 

* 

* 

The geometry of the relevant formations. 

Their geotechnical characteristics . 

The discontinuities (fi ssuration and stratification in rock). 

The hydrogeology (as it relates to the geotechnical characteristics) . 

The vari ous terrain mentioned above will require more detailed 
studies in order to elucidate the following points : 

For Portals Located in Debris 

* Nature of the debris -- stone with or without mortar, nature of 

* 

* 

* 

* 

* 

mortar consolidation as breccia . 

Depth of debris and topography of slope . 

Nature of substratum. 

Hydrogeological conditions (catchment basin, sources , water table). 

Mechani cal characteristics of debris, determined by in situ testing 
when the granularity of debris permits it (loading tests with the 
aim of determining the correct dimensions for the s idewall founda­
tions) . 

Mechanical characteristics of the substratum (in the case of a soil). 

These s~udies will provi de practical solutions to the following 
questions: 

* Stabili ty of the slope and of t he pile of debris . 

* Behavior of vault, foundations, and sidewalls. 

* Construction methods and precautions. 
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For Portals Located in Loose Soils 

* 

* 

* 

* 

Mechanical characteristics of the soils and extent of formation. 

Location and nature of substratum. 

Hydraulic conditionsand extent of permeable and impermeable 
zones. 

Possibility of soil treatment. 

The desired goals are identical to those mentioned above. 

For Portals Located in Rock 

* 

* 

* 

* 

* 

* 

* 

* 

Petrographic nature and disposition of different rock. 

Orientation and spacing of the stratification and of the 
different fissures and discontinuities . Thickness of beds. 

Depth and nature of alteration. 

Mechanical characteristics of the rock. 

Hydraulic conditions . 

These studies will permit the determination of: 

The stability of the portal revetment and entrance cuts. 

The strength of the vault, which determines the exact location 
of the portal along the trace. 

Necessary reinforcement. 

Means of Study 

The means of study available to the geologists and geo­
technical are described in Chapter 4 and in the appendices . 

These studies differ essentially from those of the tunnel 
gallery itself in requiring very precise knowledge of the 
structure and mechanical qualities of the terrain in question . As 
a consequence, the exploratory investigation must be much more fine­
grained (comparable to that for a major bridge or building). 

* The geological and hydrogeological surveys must extend over a 
very large area if they are to ascertain the risk of major 
landslides. 
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The geological and geophysical studies, possibly including 
several core samplings or an exploratory gallery, permit the 
choice of possible sites during the preliminary studies phase. 

A very detailed study including many core samples, possibly an 
exploratory gallery, and in situ and laboratory tests is 
generally necessary during the PPS phase. In many cases full­
scale tests of the proposed terrain treatments are also advisable. 



7.1 

7.11 

7.12 

65 

Chapter 7. SPECIAL STUDIES FOR URBAN TUNNELS 

Special Characteristics of Urban Tunnels 

Urban sites and environments usually pose a variety of 
obstacles to tunnel construction that must be given careful 
attention during project planning. These peculiarities require 
special methods of investigation . 

It is useful to recall briefly the special characteristics of urban 
tunnels: 

* 

* 

* 

The tunnel route generally fixed from the outset, at shallow 
depth, and often located in soil. 

Existing structures near the portals and directly above the 
proposed tunnel trace. 

A variety of underground artifacts (e.g ., cellars, reservoirs, 
utilities, subways , etc.) in close proximity to the tunnel. 

Th~se special studies for urban tunnels must, therefore , take 
account of the following factors : 

* 

* 

* 

The urban environment renders surface observations and geophysical 
studies unreliable. 

Rather, exploratory procedures relying on core sampling, shafts , 
and galleries must be utilized. 

Special attention must be paid to the safety of exist ing structures 
and services. The studies must therefore: 

- ascertain the risk of subsidence caused by excavation and 
dewatering (cf. 4.433). 

- specify the means of limiting subsidence (e.g., soil treatments). 

- specify the maximum explosives charge compatible with acceptable 
vibration thresholds (when explosives will be used during con­
struction). 
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7 . 2 Content of Studies 

From the foregoing it should be apparent that the essential 
goal of these studies cannot be the choice of the best layout, for 
that is usually fixed from the outset. 

Rather, these studies treat the following f our categories of 
problems: 

* 

* 

* 

Structure of the terrain: extent of particular formations, 
thickness and dip of strata, faults or fractures, etc. 

Characteristics of the terrain: nature, strength , permeability, 
deformation and consolidation characteristics, etc. 

Often very important: 
of ground-water. 

a study of the water tables and the sources 

* Location of buried masonry foundations, mapping of utility 
services and abandoned galleries -- in a word , identification 
of all underground obstacles . 

7. 21 Geological Study 

7 . 211 Inventory of Existing Data 

These data are particularl y useful in the case of urban tunnel 
construction: 

* 

* 

First, a map showing the location of underground services, build­
ing foundations, etc. is necessary and should be as precise as 
possible. 

Second, voluminous data on the city's subsurface environment 
(sewers, building foundations, underground parking, shafts, 
drainage galleries, abandoned quarries, etc.) are generally avail­
able. Careful analysis -of thes e data, including any related data 
on their construction, can be helpful in providing information 
regarding the geological structure of the terrain, its mechanical 
characteristics, its behavior during excavation, the hydrogeology 
of the area, methods of soils treatment , lowering of the water 
table, etc. 

7 . 212 Surface Geological Surveys 

Although the survey should be conducted, most ofteL it will 
provide little information, since any outcrops will have ~een masked 
and the original morphology of the terrain greatly modi fie d by 
sur face development. 
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7.213 Geophysical Investigation 

Normally such investigations cannot be employed, or at least 
they can be employed only under certain special conditions. 

* 

* 

Electrical analyses cannot be employed because existing under­
ground conduits and conductors distort the induced electrical 
field so severely as to render the results uninterpretable. 

Seismic analyses are also distorted by existing underground 
structures, as well as by vibration caused by vehicular traffic, 
machinery, etc. 

Nevertheless, during periods of l ow traffic density, usually 
during the night, seismic analyses can be conducted underground 
between boreholes. (Sensors are lowered into one hole to record 
the results of a shot in another.) 

7.214 Core Sampling 

This is the best means of gathering data for tunnel projects 
at shallow depths when knowledge of the mechanical and hydraulic 
properties of different formations is necessary. These samples can 
be collected without causing serious inconvenience, as they are 
constrained only by the location of underground services and certain 
surface constraints. 

* 

* 

During preliminary studies, their spacing should be about the 
same as for rural tunnels in analogous terrain (approximately 
one coring per 100 meters). 

It is nevertheless possible that the corings will need to be 
more closely spaced at certain points along the tunnel trace 
(portals, near large buildings that may be damaged by the tunnel 
construction, etc.). 

For the PPS, the hetero~eneity of the terrain may require 
spacing the corings every 50 m. 

For tunnels of sufficient length, transverse profiles of 
3-4 corings may suggest modifications in the layout that will 
take the tunnel through more favorable terrain. 

7.215 Diagraphy 

The use of diagraphy is clearly justified when it is necessary 
to obtain very detailed information on the structure o f the massif 
to be traversed by the tunnel (see Appendix 3). 
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7.216 Exploratory Gallery or Shaft 

7 .22 

Insofar as fiscal constraints do not preclude their construction, 
exploratory galleries and shafts provide very valuable information to 
the project engineer who, besides geological and geotechnical data, 
must collect information on the possibilities of limiting surface 
disturbance and damage. 

* 

* 

* 

The foll owing information can be expected: 

Quality of the terrain: a better interpretation of the core samples 
is possible, as the terrain can be inspected first hand. 

Hydraulic changes in the massif (piezometers, interstitial pressure 
sensors, and pumping tests may provide data that corrects results 
of the surface surveys). 

Surface subsidence (placing of elevation marks that can be 
periodically leveled during and after construction). 

* Measurement of shock if explosives will be used in construction. 

* 

* 

Possibility of conducting in situ tests (deformability of terrain, 
etc.). 

Possibility of undertaking treatment tests, if such procedures 
will be necessary. 

* Pre-drainage of the terrain. 

Hydrogeological Study 

Besides those general problems related to construction of the 
tunnel, the hydrogeological study should help resolve questions 
regarding subsidence caused by consolidation. For this reason, 
the hydrogeological study is intimately related to the geotechnical 
studies. 

7.221 In situ Le Franc and pumping tests are necessary for determining 
the required treatments (injections , dewatering, etc.) and for 
predicting the drainage action induced by the tunnel. 

If pumping tests may cause subsidence by lowering the water 
table, surface elevations must be monitored closely during the tests. 

7.222 In systematic piezometric studies, the use of tracers is helpful 
in characterizing the water table. 



It should be remembered that in urban sites ground-water 
circulation may be completely unlike that found in rural sites. 
Theoretically the coefficient of infiltration should be very low, 
since all precipitation is supposedly collected in storm sewers. 
In fact, it is necessary to take account of abandoned wells, reser­
voirs, and water services that are far from watertight. Moreover, 
there may be considerable industrial pumping during certain seasons 
of the year. 

A complete inventory and inspection of these various cir­
cumstances, complemented by piezometric data and chemical analyses 
of the ground-water, represents the best means of reducing uncertainty 
in these matters. 

7.23 Geotechnical Study 

7,3 

1 

The geotechnical study must permit an estimate of the order 
of magnitude of the anticipated surface subsidence (cf. 4.433). 

In the case of soils, the geotechnical study must also pro­
vide more precise information on: 

* 

* 

The possibilities of consolidation 

- by injection 

- by freezing or electro-consolidation (for very plastic soils 
having a high moisture content). 

The possibilities of waterproofing, where a lowering of the 
water table is not possible. 

Generally speaking, a well-monitored experimental site 
provides the best means for studying soil treatment methods. 

Study of Blasting Shock 

If t~e use of explosives in construction will be nece~sary, 
the project engineer should make certain that the blasts will 
neither cause damage to nearby structures1 nor cause any subsidence 
by compaction of the adjacent soils, notably in loose alluvial soils. 2 

* During the preliminary studies phase, several shLts should be 
conducted in boreholes, or preferably in a gallery (a better 
approximation of actual construction conditions). Sensors located 

Several geophysical firms, private laboratories, and the Agency for 
Bridges and Highways are equipped to conduct this type of study. 

2
The driving of piles 
similar precautions. 
permitted. 

can have similar effects and will, therefore, require 
Indeed, in many cases pile driving must not be 
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at the base of the endangered buildings will provide data 
establishing the maximum unit charge compatible with the safety 
of the building. 

Vibration velocity 

MEASUREMENTS OF SHOCK 

Recordings of Vibration Velocity 
from Several Different Sensors 

I ----r---~ -I . ---T ---- ---
-r----+--~· _, ' 

1 

i I 1 _ _,______,__ _ _,_ ___ l_ L __ J_LJ_ -

Arrival of shock waves corresponding to the successive 
micro-retardation of the shots comprising the blast. 

time 

The most commonly used criterion is the maximum velocity of 
the particles during passage of the seismic wave set off by the shot. 
Depending on the type of structure considered, the maximum velocity 
permissible will fall somewhere between 10 and 50 mm/sec. 

These preliminary studies do not obviate the need for the 
following two controls: 

* Verification of condition of adjacent structures before construction 
begins. 

* Measurement of shocks actually produced by the constr ~ction blasting. 
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Appendix 1. SURFACE GEOPHYSICAL METHODS 

Within the chronology of studies, geophysical investigation 
enters as a complement of the geological survey which it refines 
and completes. As a general rule it provides information on the 
following problems: 

* Prediction of the thickness of the altered zone at the portals. 

* Determination of the geometry of a fault that brings two very 
different terrains into contact. 

* 

* 

* 

Preliminary structural sketch in the case of a site having no 
outcrops. 

Evaluation of consistency of underlying rock. 

Facilitated interpretation of subsequent studies . 

1 . 1 Limitations of Surface Geophysical Studies 

1.11 

Before indicating the focal interest of the methods currently 
in use, it must be reiterated that geophysics is unable to provide 
detailed information. The techniques employed and the distances 
involved provide only a global perspective on the disposition of 
the terrains (when they are differentiated). 

Although these methods may detect a localized anomaly, they 
cannot define it with any precision. This is also the case for 
complex structures that are characterized by small-scale irregularities 
or variations in the nature of the terrain. 

These anomalies are more likely to be detected if they are close 
to the surface, for their influence on the measuri .1g equipment decreases 
with increasing depth. For similar reasons, their ~haracteristization 
improves as the contrast of the measured physical p~ ,perty becomes 
greater. 
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Generally speaking, geophysical methods are used only in investi­
gations reaching to a maximum depth of about one hundred meters, 
depending on the required precision. 

* 

* 

A geophysical analysis must be systematically calibrated: 

On outcrops or in zones whose structure is well known, located 
in terrains identical to those being studied. 

By core sampling. 

These methods can hardly be used in urban areas because of 
parasitic problems (traffic , electric lines, various utility 
services). 

Depending on the problem posed, it is up to the study Agency 
to decide whether geophysical studies are warranted, and if so what 
type. 

1.2 Domain of Application 

1.21 Electrical Studies 

1.2-1 These studies measure the thickness or resistance of each stratum, 
the latter being related to the moisture and mineral contents of 
the stratum (argillaceous soils exhibit the lowest resistance). 

1.212 Such studies can be used, for example, to: 

* Determine the nature and thickness of the soil covering . 

* 

* 

Detect a major irregularity in rock, which is filled with argil. 

Characterize the different strata (nature and thickness) in 
soils or in rock and marls . 

1.22 Seismic Studies 

1.221 These studies measure the velocity of sound propagat i on in different 
strata as well as the thickness of each strata. 

Seismic refraction techniques only permit explorat ion of 
strata the celerity of which increases with successively deeper 
stratum. A stratum having a celerity greater than that c f the 
adjacent stratum below will preclude exploration below that depth. 
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Seismic velocity increases with compactness in soils, and 
with decreased fissuration and increased hardness in rock. 

1.222 Seismic studies can be used, for example, in the following cases: 

1.23 

* Search for bedrock under an alluvial covering. 

* Measurement of the thickness of rock alteration. 

* Measurement of the compactness of rock (accurate results require 
calibration against analogous, well known rock or against data 
from existing underground structures). 

* 

* 

Evaluation of a family of fissures by laying out seismic lines 
parallel with or perpendicuJ:ar to these fissures and then 
observing the differences in celerity. 

A more refined approach to the problem is obtained by the 
direct transmission of sound waves between coreholes in the 
rock to be tested (similar techniques are applicable in any 
case where as precise an analysis as possible is desired of 
the properties of a given rock). 

* Detection of major irregularities (major faults and fractures 
are marked by a drop in celerity). 

* Determination of the dynamic modulus (coefficient) of the rock, 
by measuring the velocity of longitudinal and transverse waves 
in the rock. 

* Let us point out that elaborate equipment is necessary for these 
tests, which is different from the conventional equipment used 
by laboratories. 

Gravimetry 

In certain special cases, gravimetry can be used to deteet 
moderately large cavities located at shallow depths. Remember 
that this procedure is still in the experimental , but has 
nevertheless provided some useful results in the Parisian Basin. 

1.3 Advantages of Geophysical Surveys 

Geophysical surveys present three major advantages: 

* Non-destructive: There is no site installation involved, and 
when completed, there remains no evidence of the crew's passage 
(except for the seismic shots). 

* Rapid: Depending on the difficulties and the length of the lines~ 
a crew can conduct 205 soundings per day. 
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* Low cost: An electric or seismic sounding costs 200-500F for 
an exploration depth of 50-200 m. 

For all these reasons, it is wise to use these techniques 
whenever possible. The results are obtained quickly and cheaply, 
thus permitting better organization of the studies and a reduction 
in the number of more costly explorations that follow. 



75 

Appendix 2. CORINGS 

2 .1 Value of Corings 

2.11 

2.12 

As a general rule, recourse to mechanical coring should be 
considered only when geological and geophysical technique,, have 
been fulll exploited (except in the case of portal studies and 
for certain very shallow structures). 

Let us recall, however, that in certain cases, coring is the 
only means of terrain exploration (notably in urban zones where 
terrain surveys and geophysical methods are not practical, or in 
terrains that cannot be differentiated by geophysical techniques). 

Expected Results 

* 

The use of corings can resolve the following problems: 

Calibrate or refine the results of terrain surveys or geophysical 
studies. 

* Provide data on the structure and nature of the terrain if the 
geological and geophysical studies have not been able to provide 
these data. 

Tests to Be Undertaken 

* 

* 
* 

* 

Obtain samples, in order to: 

- determine the nature of the rock or soil. 

- analyze the degree of fissuration and the dip of the fissures, 
diaclases, and stratification in rock. 

- conduct certain laboratory tests on the samples (rock and soil 
mechanics, minerological and chemical analyses, etc.), 

Conduct diagraphic studies (see Appendix 3). 

In~ measurement of stress coefficients and levels. 

In situ measurement of permeability, using Le Franc and Lugeon 
testsTsee Appendix 4). 



2.2 Nature of Corings 

2.21 Coring Angle 

2.211 Vertical corings. These are the most traditional and the easiest. 
They are generally used in the exploration of: 

* Tunnels in soils. 

* Portals. 

* Shallow tunnels (when data is required at specific points along 
the proposed trace). 

* The cover overlying the tunnel. 

2.212 Horizontal corings. For the exploration of relatively short 
tunnels (up to 400 m.) or of irregularities near the portals, 
this type of coring is very useful. Such reconnaissance 
to the tunnel axis is useful so long as knowledge of the terrain 
overlying the ~unnel trace is not required. 

These corings are economically feasible for distances up 
to 200 m. using core drills guided by cables in such a way as 
to limit deviations in the trajectory. The price is about 1.5 
times that for vertical corings. 

2.213 Inclined corings. In the case of dipping, homogeneous strata, 
inclined corings perpendicular to the bedding will traverse 
the relevant strata but through a shorter distance. At present, 
however, horizontal and inclined corings do pose certain 
guidance problems. 

2.22 Core Samples 

Depending on the research objective, the boreholes may be: 

* Cored totally or only partially (depending on the location in 
which one wants to retrieve a sample). 

* Bored using a drilling tool (triple-headed rotary bit or a 
non-coring pneumatic drill): 

if one wants a cheap borehole without samples for in situ 
diagraphic tests. 

- in zones where the core samples would be of little interest 
(well known terrain, covering, etc.). 
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Generally speaking, it is very useful to preserve the corings 
in order that they be a"Tailable to contractors during bidding. 

Domain of Application of Coring 

For tunnel studies, one should always begin by asking the value of 
the corings. 

Depending on the research objectives, the depth of the tunnel, 
and the location of underground obstacles, it may be better to 
excavate an exploratory gallery (cf. 5 be1ow). 

Nevertheless corings are justified in certain cases: 

* 

* 

Terrain stability studies at the portals. 

Soil studies for a shallow, urban tunnel ( generally about 50 m. 
in depth, maximum of 100 m.). 

* When it is necessary to know the nature o:f.' all the terrain above 
the tunnel (e.g., project concerned only with soils, where it 
is necessary to know mechanical and c properties of 
entire massif). 

* When it is necessary to undertake a detailed diagraphic analysis 
of a complex structure. 

Advantages and Disadvantages of Core Sampling 

Remember that as a linear sampling method, coring can normally 
provide only punctual (i.e., pointwise) information concerning the 
tunnel trace. 

The core samples permit visualization of the terrain traversed, 
providing evidence of the terrain geometry and permitting 
certain identification and mechanical tests. 

They are, however, very costly (200F per linear meter for 
depths less than 100 meters, up to lOOOF per linear meter for 
depths of several hundred meters) and require a construction site 
that will hinder traffic circulation (in cities) or inconvenience 
the property owner during the coring operations. 

As a result it is wise to: 

* Utilize them judiciously, and only after having fully exploited 
surface and geophysical means. 



78 

* Improve their profitability by conducting all useful tests that 
may be required during later stages of' project planning. In 
particular, the boreholes should be systematically equipped with 

·piezometers, even if they have not been drilled for this purpose. 

2.44 The ~pacing of the corings is determined by the problem at hand, 
the heterogeneity of the terrain, the depth of the corings, and 
availability of drilling locations. 

By way of example, a shallow tunnel, located in soil at a 
depth of 50 m., requires a coring approximately ever 75 m. 
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Appendix 3. DIAGRAPHY 

3,1 Definition of Diagraphy 

This term designates certain exploratory methods that make 
use of boreholes; the resulting measurements are called "logs. 11 

The types of diagraphic analysis most freq_uently used. in 
civil engineering applications are: 

* Sonic log: 

* Electrical log: 

* f-ray log: 

* Neutron log: 

* o''111og: 

3,2 Uses of Diagraphy 

Measure of the seismic velocity of the 
formation traversed by the borehole. 

Measure of the resistance of the formation. 

Measure of the natural radioactivity of the 
soil, related to the presence of radioactive 
isotopes absorbed by argil. 

Measure of volumetric moisture content, based 
on neutron absorption rate. 

Measure of the specific density of the soil, 
based on a 'f-ray diffusion principle. 

These measurements ca..ri. be conducted in boreholes from .which 
no core samples were taken in order to provide information on the 
different physical characteristics of the terrain traversed. 

Their major value, however, lies in their use as a less costly 
means of locating geological irregularities or providing more 
detailed information regarding a particular structure, using less 
costly drilling techniques that do not require ta.~ing a core sample. 

Remember that they must be calibrated in boreholes where 
core samples were taken; hence they do not eliminate the need 
for core sampling altogether. Rather they allow for its limited 
use. 



3.3 
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Advantages of Diagraphy 

Non-cored drilling is very cheap (20-30F per linear meter); 
therefore diagraphic techniques can be effectively used in detailed 
studies where it is necessary to evaluate a complex structure at 
many points. 

Diagraphic equipment is very light and can be easily trans­
ported in a light vehicle. The diagraphies are completed very 
rapidly (a crew can complete several hundred meters per day). 



Appendix 4. GROUND-WATER TESTS 

The most commonly employed techniq_:.;.es fall under the 
following three types of tests: 
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l+.l Le Franc Tests 

4.2 

These tests are in principle quite simple, allowing a 
determination of soil permeability using boreholes. In practice, 
however, the tests are quite sensitive, ancl their j_nterpretation 
can be difficult. They-require the presence of competent personnel. 

Lugeon Tests 

These tests were conceived as a means of evaJ.uating the 
potential watertightness of rock underlying dams that could be 
expected as a result of injection treatment. They are presently 
used in other civil engineering areas in order to evaluate the 
water absorption characteristics of rock, thereby yielding an 
indication of its permeability, degree of fissuration, and the 
nature and behavior of the materials filling the fissures. This 
very simple test can be conducted simultaneously with coring. 

4.3 Pumping Tests 

These are the only tests that provide an accurate character­
ization of aquiferous water tables. They require a large diameter 
borehole (200-600 mm.), powerful pumping equipment, and the placement 
of many piezometers. They comprise the final step in a hydro­
gelogical study and should be carefully positioned on the basis of 
a synthesis of all data gathered in earlier investigations. 

The results of the pu.~ping test provide an overall evaluation 
of the characteristics of the water table in the aquifer, one that 
is more representative than that provided by the LeFranc test. 
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Appendix 5. GALLERIES 

There are two general types of galleries: 

* An exploratory gallery constructed in order to locate or 
characterize a difficult zone, or in order to provide data 
indispensable for an understanding of the terrain's structure. 
The gallery need not be situated directly on the trace of the 
proposed tunnel; indeed, it may be constructed during preliminary 
planning for the purpose of helping determine the layout of the 
proposed tunnel. 

* A pilot gallery constructed along the tunnel axis for the purpose 
of verifying and completing the preliminary studies. It can be 
excavated before construction begins, or before construction has 
advanced into a region of geological irregularity that may present 
serious difficulties. 

5.1 Value of Galleries 

Generally speaking, these galleries have the following 
advantages: 

* 

* 

The terrain can be observed under conditions corresponding to 
those of the proposed construction (fissuration, strength, 
ground-water circulation). 

The cost -- 700-1500F per-linear meter is comparable to.that 
per linear meter for corings at depths of several hundred meters. 

* The test samples are much more representative. 

* Very important in situ tests can be conducted: 

- tests of full-section excavation methods. 

- tests of blasting techniques. 

- examination of behavior of alterable or evolving terrain. 

- treatment tests on unstable soils (drainage, injections, etc.). 

- geotechnical tests (stress measurements, etc.). 

- measurement of stress on a test section of concrete lining. 



83 

* The gallery may prove useful during cor:struction for: 

- transporting materials. 

- drainage (e.g., in a karstic area). 

ventilation (e.g. , in a very long tunnel). 

- intermediate headings. 

- treatment of zones of poor terrain. 

5,2 Location of Galleries Relative to the Proposed Tunnel 

In most cases the galleries are situated parallel to the 
axis of the proposed tunnel. There seems to be no favored position 
relative to the cross-section itself of the proposed tunnel. 

The cross-section of the exploratory gallery is so small 
(5-8 m2) as to be almost negligible compared to that of a highway 
tunnel. Thus, any savings in excavation costs that might be realized 
by situating the gallery within the cross-section of the proposed 
tunnel will be fully outweighed by the problems that can arise if 
the gallery is badly situated within that cross-section. 

It seems advisable, therefore, if a construction method for 
the tunnel has not been adopted, to situate the gallery outside 
of the proposed cross-section, at a sufficient distance to avoid 
all mutual interference. 

It is also possible that construction of the exploratory gallery 
can be justified precisely because of its location outside of the 
tunnel cross-section (e.g., on the lower side of the tunnel if there 
is risk of major ground-water flows, or on the upper side of the tunnel 
if there is need to drain an aquifer situated above the tunnel). 

5,3 Relative Value of Galleries and Corings 

Each case is unique, and the choice of a gallery or corings 
for exploratory purposes can depend on many factors. 

* 

* 

Nevertheless, it seems that: 

For rather shallow tunnels, corings are preferable, since it is 
important to know the nature of all terrain situa~ed above the 
tunnel. 

For very deep tunnels in rock (more than 100 m.), a gallery is 
preferable if important uncertainties remain regarding the terrain. 



Other considerations are also relevant: 

* A shallow coring (less than 100 m.) is about 3 times cheaper 
per linear meter than a gallery in good terrain and about 
8-10 times cheaper than a gallery in poor terrain, although 
the quality and quantity of the results to be expected are 
much poorer. 

* A deep coring (several hundred meters) in no cheaper than a 
gallery in rock; as well it provides only punctual (pointwise) 
data that are often difficult to interpret. 



Appendix 6. MODEL STUDIES 

6.1 General Considerations 

6.11 Models can be used in studying certain problems posed by major 
underground construction (large cross-sections, long tunnels) 
or difficult construction conditions. On a theoretical plane, 
model studies provide more precise data on stress and deformation 
conditions obtaining in terrains as a result of excavation, as 
well as on the forces to which the structures will be subjected. 

Their value is not in providing quantitative results, for the 
simplifying hypotheses (that one is obliged to adopt) render such 
results unreliable. Rather, the models permit an evaluation of 
the relative importance of different parameters, and thereby provide 
a better basis for the different choices that will be required 
during the planning and construction of the tunnel. 

6.12 The following major problems are amenable to model study: 

* 

* 

* 

Instantaneous or deferred surface deformation: this problem 
is important only in the case of urban tunnels constructed at 
shallow depths in soils. 

Stress concentrations that develop around tunnels. This problem 
is unique to unusual str~ctures (large cross-sections, special 
cross-sectional profiles) under heavy covering. 

The mutual interaction of two neighboring tunnels, including a 
study of their relative positions. 

6.2 Mathematical Models 

These models employ methods of finite element analysis. They 
permit a determination of the distribution of stress and deformation 
around a tunnel situated in what is generally assumed to be an 
elastic, homogeneous terrain. The results are applicable to a set 
of discrete points corresponding to the intersections in the grid 
that constitutes the model. These models require the use of a 
computer of sufficient stor e ca acit . .Although possible, the 
modelling of heterogeneous terrains strata having different 
coefficients of elasticity) greatly complicates the analysis. 
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6.3 Photoelastic Models 

Unlike the foregoing models, these are continuous models. 
They can provide without added complication a good description 
of the stresses on the gallery facing, assuming that the photo­
elastic material used in the model meets certain conditions. 
Thes0 models are well suited for studies of elasticity problems. 

It is also possible to represent the forces of masses, and 
in particular to take account of the weight of overlying terrain 
in the case of shallow tunnels. Nevertheless, the use of these 
models is more difficult. 

6.4 Scale Models 

Although widely used in other civil applications, 
scale-modelling techniques still enjoy only a limited use in the 
study of terrain equilibrium. These techniques are more advanced 
in certain foreign countries. 

The major difficulties center on the similarity conditions, 
and require substantial research in modelling and material science. 



Consolidation: 
( treatment for) 

Diaclases: 

Discontinuities: 
(in massive rock) 

Facing: 
(of an excavation) 

Fault: 

j·oints: 
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Appendix 7. GLOSSARY OF 'rERMS 

Procedures for improving the mechanical 
characteristics of terrains, either 
temporarily (e.g. , by :free zing) or 
permanently (by in,ieetion treatments). 

Surface of fragile rupture, but without 
any relative displacement a.long the 
rupture surface. 

Surfaces separating the Juxtaposed blocks 
that constitute the massif (whether faults, 
diaclases, stratification, schistosi ty). 

Interior surface of the excavated gallery. 

Rupture surface accompanied by relative 
displacement of the two rock surfaces. 
Often accompanied by brecciated zone. 

Localized zone of very pocr terrain 
characteristics relative to adjacent 
terrain: brecciated zone, ground-water 
under head, fault, etc. 

Term designating both the discontinuity, 
taken as a geometric surface, and any 
materials filling the discontinuity. 



Karst: 

Schistosity: 

Test Section: 

Terrain Sealing: 

88 

Result of dissolution phenomena in 
limestone massifs: enlargement of 
discontinuities, creation of large 
cavities as a result of ground-water 
infiltration. Ground-water often flows 
freely in underground streams. 

Discontinuity in metamorphic rock (schist, 
gneiss, micaceous schist) related to the 
anisotropic transformation of the original 
rock, or to pre-existing discontinuities 
in that rock. 

Supported section of a gallery, generally 
several meters in length, used for conducting 
certain geotechnical tests and measurements. 

Treatment procedure that results in a 
significant lowering of a terrain's 
permeability, but without effecting any 
noticeable improvement in its mechanical 
characteristics. 
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Chapter 1. PREFACE 

Importance of Studying Construction Methods 

This document will establish that there are strong interactions 
between the adopted method of construction and the following factors: 

* Nature of surrounding terrain 

* Urban sites and environments 

* Geometry of tunnel and approaches 

An analysis of these factors (which vary in importance depending on 
the circumstances) serves to limit the range of acceptable construc­
tion methods. 

Conversely, recourse to any one construction method will require 
certain precautionary measures (often fundamental and costly) 
that cannot be defined without preliminary study, and, indeed, 
will often necessitate full-scale in situ testing (e.g., test 
galleries, testing of terrain treatments, etc.). 

If, in practice, numerous technical arrangements -- even, perhaps, 
the construction method itself -- are often defined or modified 
in the final stages of construction planning, it should be remembered 
that the analysis of technical and financial studies for the tunnel 
project cannot be dissociated. In fact, it is important that 
planning for the project make use of synthetic studies capable of 
furnishing clear and concrete information. 

Significance of the Modalities of Construction 

Preliminary Operations 

Once the general method of construction has been defined, it 
is imperative to know that the modalities of this method are subject 
to modification during construction if contingencies should require 
it. 



1.21 

1.3 
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Thus, it is important during the study stage to anticipate 
the potential difficulties that may be enc:ounte::.-·ed, even if it is 
not yet possible to localize or def::i.ne them with any degree of 
precision. 

Thus, it is also important to select a construction method 
that can be adapted to the anticipated difficulties, 

During Construction 

Attention should be directed towards both the modalities and 
phases of construction. 

It is wise to remember that the transitory phases of construction 
are typically the most threatening to the stability of the tunnel 
(e.g., clear.ing operations at the working face, underpimling of the 
vault, stability of abutment foundations prior to installa~ion of 
inverts, etc.). 

It should be added that inattention to geological data, 
disorder, and negligence during excavation may have a significant 
affect on the quality and cost of the project, 

Object of this Document 

This document cannot provide the engineer with all the 
answers to questions arising from the study and construction of 
underground tunnels. Such a goal would be pretentious, and, in 
any case, there are specialized texts dealing with these subjects. 

It should be further stated that a detailed study of con­
struction methods is the responsibility of the contractor, since the 
government agency's role is limited to defining tbe general character 
of a base solution and then evaluating the different proposed 
solutions. 

Consequently, persons using this document will find~ rapid 
analysis of the reasoning process and the relevant factors entering 
into it. Information contained in the appendices wiJ.J. provide 
some understanding of construction methods currently in use. 

As a result of rapid technological progress, this information 
must be revised and augmented regularly. Only the more conventional 
excavation methods are considered here, though this focus is in no 
way meant to prejudge those innovative procedures which are pre-• 
sently in the experimental stage. 
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Chapter 2. CHOICE OF CONSTRUCTION :METHOD 

The choice of a construction method (or family of methods) 
does not follow any simple rule; in each case it results from the 
combination of a certain number of interdependent factors that 
determine a limited group of possible solutions. 

2.1 Selection Factors 

2.11 

2.12 

2.13 

Among these factors, whose relative importance varies depending 
on the circumstances, three can be distinguished by fact of their 
influence on tunnel design and construction method. As well, both 
have a direct influence on tunnel cost. It is therefore important 
that each of these factors be the object of a systematic analysis 
from the very outset of preliminary planning. 

Nature of Terrain 

This is the prime factor, encompaa:;ingnot only the geology of 
the terrain to be traversed, but also the hydrogeological con­
ditions of that terrain. The later are of special importance in 
soils. 

Terrain considerations will be discussed in detail in 
Chapter 3. 

Tunnel Site and Environment 

Constraints imposed by the site are especially marked in an 
urban area, where recourse to special construction methods and 
precautionary measures will generally be necessary. 

This factor will be discussed in detail in Chapter 4. 

Tunnel Geometry 

Various considerations are likely to guide the dimensioning 
of the tunnel floor, the choice of layout, longitudinal profile, 
and cross-sectional profile. Information on this subject is pro­
vided in the Summary volume. 
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2.131 Choice of a construction method may have a decisive influence on: 

* The longitudinal profile, notably in the following cases: 

* 

- Subfluvial or submarine passages (see Appendix 7). 

- Projects anticipating substantial ground-water infiltration 
(requires an ascending heading). 

- Projects remaining above the water table (e.g., a covered 
trench) and consequently obliged to conform to variations 
in the height of the water table along the tunnel trace. 

The cross-sectional profile. Whatever the construction ::nethod 
adopted, it is generally desirable to seek a tunnel cross­
section that will be as compatible as possible with fiscal and 
geological constraints. 

Once these factors have been ta.ken into consideration, the 
chosen construction method will to some extent dictate the cross­
sectional profile, as the following table indicates: 

Construction Method 

Full-section 

Half-section 

Divided-section 

Boring machine 

Driving shield 

Covered trench 

Prefabricated 
caissons 

Typical Cross-section 

Horseshoe 1 

Horseshoe 

Horseshoe, 
circular, or 
flattened arch 

Circular 
' 

Circular 

Rectangular 

Rectangular 

Cross-section Acceptable 
in Unusual Circumstances 

Flattened arch 

Flattened arch 

Vaulted arch 

Vaulted arch 

Circular 

1rt should be reiterated that a "horeshoe" cross-section is not generally 
recommended for tunnels of more than 3 traffic lanes. 



2.132 Conversely, inasmuch as the geometric characteristics of the tunnel 
are fixed from the outset by criteria other than those dictated by 
the construction method, the choice of construction method may well 
be determined by these other criteria. 

2.2 

2.21 

2.22 

Such is the case, for example, when passage through aquiferous 
terrain cannot be avoided. 

It is necessary in every case to decide at the very outset of 
preliminary planning on the function and geometric characteristics 
of the projected route. 

'rhis presupposes that the project engineer will have a thorough 
knowledge of the consequences of his decisions as possible 
construction methods, and vice-versa. 

Selection Process 

First Phase 

In the first phase, selection results from a dialectical con­
sideration of the following exigencies: 

* Surrounding terrain 

Site and environment 

* Geometry 

* Construction method itself 

The resulting reasoning process, deriving more from successive 
approximations than from a well-defined deductive logic, should at 
each stage lead to an evaluation of the economic feasibility of the 
entire investment (including approaches, expropriations, user costs, 
etc.). 

This process will be more or less detailed on the 
complexity of the project under consideration; it results in two or 
three acceptable technical variants. 

Second Phase 

At this point the study should focus primarily on those 
variants that will best assure the following conditions, in order 
of decreasing importance: 

* Uniformity of method along the entire length of the tunnel 
( as changes in method are invariably time-consuming and costly). 
It should be reiterated that in France heterogeneous terrain is 
the rule rather than the exception. 



2.23 

2.3 

* 
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Flexibility of use (in such a way as to be adaptable to 
unforeseen difficulties). 

* Limitation of d8Jllage to the environment, notably in urban sites. 

Third Phase 

Finally, at the time of final. selection, further criteria 
come into , such as those linked to market co~ditions, the 
technical capabilities of contractors, project costs, etc.: 

* 

* 

* 
* 

General market conditions and the size of the proposed construction. 

Technical capabilities of competing bidders (specialized 
jumbos, boring machinery, and availability of materials). 

Overall allowed construction time. 

Cost of chosen solution. 

In the case of underground construction, the selection process 
must remain flexible, as the solution proposed by the project 
engineer is rarely the only possible one. In certain cases it is 
advisable to authorize bidders to submit variant solutions. In order 
to assure sufficient technical quality of the different submitted 
proposals, the principal characteristics of acceptable variants 
should be specified in the contract specifications docwnent. For 
example, in an urban zone the project engineer should specify the 
maximal al1owable disturbance consistent with the environ.rnent, and 
bidders should be required to show that their proposed variants 
meet the required safety standards. This presupposes that possible 
solutions have been sufficiently examined during preliminary planning 
to permit the project engineer to evaluate accurately each bidder's 
proposal. A detailed study of the different solu0ions (construction 
method and organization of the work site) remains the responsibility 
of each bidder. 

It is evident that the quality of the solutions offered by the 
various bidders, and consequen+.ly the quality of the completed tunnel, 
the adherence to safety standards, and the required construction time 
are a direct result of both the quality of the studies furnished ·oy 
the government agency and the time granted bidders for submissiu;:1 of 
their proposals. 

Applicability of Construction Methods 

Considering the complexity of the problems ~nder study, the 
information provided in this document cannot but oe very , 
limiting itself to a succinct explanation of the essential character­
istics of each method. 



* Covered trench: - Provides great flexibility in urban 
zones. Can be used at entrances of 
excavated tunnels in the event of 
terrain instability, 

- Does not avoid difficult problems of 
structural subsidence and stability, 
which are typically encountered in all 
underground construction. 

* Prefabricated caissons: - Used in subfluvial or submarine passages. 

* Special Treatments: 

* Full-section: 

- Avoid the diffi~ult and often ruinous 
problems of passag~ through an aquiferous 
terrain. 

Major difficulty is with foundations for 
the caissons. 

- Impossible to use if there are overly 
strong fluvial or marine currents. 

- Often indispensable in soils below the 
water table. Because they are usually 
very costly, required treatments should 
be taken into account in early cost 
estimates. 

- Enable the use of a more economical 
excavation method, by inducing a greater 
strength in the surrounding terrain. 

- Reduce risk of collapse. 

Always require consultation with 
appropriate specialists. 

Suitable for very good terrain, requiring 
no systematic support, except possibly 
bolting, which consequently results in 
low excavation costs. 

- Permits the use of heavy construction 
equipment, thus enabling more rapid 
advancement. 

- Adaptation is sometimes difficult if a 
major geological irregularity is encountered 
(depends on machinery employed). 



* Half-section: 

* Divided-section: 

* Boring machine: 

* Driving shield: 
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Suitable for terrains that require 
systematic support (bolting or steel 
ribbing), consequently resuJ.ts in higher 
costs. (Terrains usually classified 
good to difficult.) 

- Suitable for very heterogeneous terrains 
of poor or very poor ~uality, which in 
any event necessitate delicate and 
onerous operations. 

- Very slow advancement as construction 
safety is the prime objective. 

- Presently well-adapted for small ~nd 
large cross-sections in ter,:•1:dns ranging 
from soft to moderately h2,rd (R < 1200 
bars). Well-suited for ur"ban zgnes and 
long tunnels in homogeneous terrain. 

- Extremely inflexible in the face of 
geological irregularj_ties or in heter­
ogeous terrain. 

Significant advancement rates, but at 
the present time there are lengthy manu­
facturing delays and substantial ~rans­
poration difficulties. 

- At present, operating expenses are diffi­
cult to estimate. 

- Slow, cumbersome method used in poor or 
very poor terrains, whether pulverulent 
or plastic, aQuiferous or otherwise. As 
a consequence, use of a driving shield 
results in very costly and slow advance­
ment. 

- Often indispensable when for variou,, 
reasons preliminary treatme:1t of thE 
terrain has not been provided fo~. 
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Chapter 3, NATURE OF TERRAIN 

3,1 Classification of Terrains 

By limiting this study to excavated tunnels, which are at 
once the most common and, generally speaking, the most difficult) 
it is possible to establish a correspondence between geological 
and geotechnical characteristics, on the one hand, and constrc1.ction 
methods and difficulties, on the other. 

A schematic classification in the form of three tables is 
provided below; this presentation is in no way intended to cover 
the multiplicity of cases which abound in nature. 

The indicated thresholds (R) are provided by way of illus­
tration; in particular, the 300-b~ threshold may be greatly 
exceeded in the case of rock susceptible to evolution, whose 
resistance to compression is in this case not the principal cri­
terion to be considered. 

The last column of each table gives the terrain classification 
from the point of view of construction costs (see the Cost volume). 



Classification of soft rock: 5 bars <._ Rc <.. 300 bars, or rock sus to rapid evolution 

Nature of rock 

Soft rock: chalk, 
soft sandstone, 
marly limestone 

- non-aquiferous massifs 

1 
- fractured, non-

aquiferous 

- Fractured,
1 

aquiferous 

1 mass fs II refer 
the various fracture 

Stability of excavation 

Excavation is generally easy. Sup­
port is not obligatory (depending 
on depth and section). 

Support during excavation is nec­
essary. 

Excavation rendered difficult by 
presence of ground-water, which im­
pairs mechanical resistance of rock 
and can turn rock to mud under tun­
nel floor. with is 
usually necessary. If there is 
nificant water pressure, 
above working face may prove necess­
ary. 

Usual excavation 
methods 

Half-section. 
Ideal terrain 
for . 

Half-section. 

Divided-section 
or use of a 
driving shield. 
Consolidation 
methods sometimes 
used. 

to formations where average dif:;tance between 
is very- much le::;s than the width of the 

C1assification 
of terrain 

Very good to 
good. 

Difficult. 

Poor to very 
poor. 

\0 
\() 



Nature of rock 

Altered rock: 

- non-aquiferous 

- aqui ferous 

Marls, 2 
Anhydrites: 3 

- non-aquiferous 

- aquiferous 

Stability of excavation 

Excavation usually easy. 
necessary. 

Support with lagging; rapid protec­
tion after excavation in order to 
avoid evolution. 

water pres-
sure, working face 
may prove necessary. 

In general, good consistency for 
excavation. 

to develop 
on tunnel support . Need 
for immediate protection after ex­
cavation. ~ 

Usual excavation 
methods 

Hal f-se cti on .• 

Divided-section. 
Use of a driving 
shield. Consoli­
dation methods 
sometimes neces­
sary. 

Half-section. 

Half-section. 

Classification 
o:f terrain 

Difficult. 

Poor to very 
poor. 

Good. 

Di ffi cult to 
poor. 

2rn the case of marls, the most expedient work-site precautions include 
in t1.umel invert, providing for the rapid placement of an underlining, 
section capable of withstanding exerted pressures (circular section or 
countervaulted invert, possibly reinforced). 

ground-water 
and choice of a cross-
vaulted section · 

3Anhydrites are more controversial, as they are not well-known, In the event one expects to en­
counter anhydrite (luring const'c'uction, it is advisable to drive a test gallery in order to 
observe its behavior. The precautions to be taken dlu·ing the course of construction are analogous 
to those indicated in (2) above, although an underlining will not always be needed. Excellent 
results have been ohtained without recourse to an underlining by painting the rock surface with 
a bituminous . 

I-' 
0 
0 



Nature of rock 

Sedimentary formations 
with alternation of rocks 
of differing hardness (e.g., 
marl-limestone, flysch, 
certain sandstones, etc.) 

Terrain is generally 
diaclastic (particularly 
the harder strata). 

- non-aquiferous 

- aquiferous 

Stability of excavation 

Support necessary during course 
of excavation. 

The softest parts may evolve 
ly. Need for support and immediate 
protection after excavation. 

General observations regarding soft rock: 

Usual excavation 
methods 

Half-section. 

Half-section or 
divided-section. 

Classification 
of terrain 

Difficult. 

DifficuJ.t 

- These terrains require erection of support soon after excavation, and someti:mes of an underlining 
(cast-in-place or shotcrete). 

can be worked with a pneumatic drill or machine ) without recourse to 
s. 

t-' 
0 
1--' 



Nature of rock 

Pulverulent soils below 
water table (soil lacking 
cohesive strength with high 
permeability). 

Very plastic soils with 
high moisture content. 

Dry pu1veru1ent soils 

Argillaceous soils, low or 
moderate plasticity, moder-
ately consolidated. 

Rocky soils (debris, rocky 
clays, eroded zones). 

Highly overconsolidated 
soils (r 

C > 2 bars) 

Soils : R <. 5 bars 
C 

Stability of excavation 

Requires: 

- complete lagging (including 
above working face). 

- or preliminary treatment of 
terrain. (This allows sub-
sequent use of any construe-
ti on method. ) 

Difficult treatment. Special 
methods (freezing, electro-
consolidation, etc.). 

Forepoling and lateral lag-
ging. 

Forepoling and lateral lag-
ging. 

Forepoling and general lag-
ging. 

Good strength during construe-
tion for tunnels which are not 
d.eep. Risk of swelling pres-
sure on linings. 

Usual excavation 
methods 

Soil treatment and con-
ventional methods. 
Driving shield with 
lagging above working 
face. Recourse to com-
pressed air in the event 
of untreated terrain. 

After freezing, use of 
driving shield or possi-
bly boring machine). Di-
vided-secti0n heading. 

Soil treatment (injec-
tions). Divided-sec-· 
tion. (Driving shield.) 

Divided-section. 
(Driving shield.) 

Divided-section. 

Divided-section. 
Half-section. 

Classification 
of terrain 

Very poor. 

Very poor. 

Poor. 

Poor. 

Poor. 

Good to 
difficult. f-' 

0 
t'0 



Nature of rock 

Highly fractured rock 
(numerous discontinuities 
cutting into contiguous 
blocks). 

Solid, stratified, 
or schistose rock 

Massive rock 

Hard rock: R 
C 

300 bars 

Stability of excavation I Usual excavation 
methods 

Requires ribbing, the of I Half-section. 
which will depend on the fractura-
ation of the massif. Underlining 
recommended. 

bolting perpendicular to I Half or full 
strata or to s of schistosity. section. 

Density and length of bolts depend 
on spacing of secondary diaclases 
and on cross-sectional dimensions 
of excavation. 

Ribbing is sometimes necessary. 

Does not require systematic sup­
port so long as stresses on rock 
facing do not exceed the rock's 
resistance to rupture. 

Bolting will be necessary when 
this condition is not met. 

Full section. 

General observation regarding hard .E2.:~k: 

- Excavation of hard rock should genP.rally be accomgl:ished. by means o:f explosives. 
Use of boring machines requires :powerful machinP.ry with rcLatJng cuttiT1g disks, 

Classification 
of terrain 

Difficult. 

Good to 
difficult. 

Good to very 
good. 

f-J 
0 
l-0 
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Studies to Be Undertaken to Identif'-/ Possible Construction Methods 

The following tables, though schematic, indicate the elements 
upon which the analysis should focus. Only the essential aspects 
of construction, i.e., excavation and support (whether temporary or 
permanent), are discussed herein. 

Remember that geological and geotechnical studies are treated 
in detail in the first section of this volu.~e. 



EXCAVATION 

Nature of Work Problems Posed Studies to Be Undertaken in order 
to Determine Construction Methods 

---------------------------------------.. -----·--· 
1. 

Improvement of 
'rerrain Quality 
(Waterproofing, 
dewatering, 
consolidation, 
freezing.) 

To permit a normal 
1 excavation method. 

To limit collapses. 

To assure prior sta­
bility of surrounding 
terrain. 

Diversion of existing ground-watter 
pathways. 

Study of the water table l sou:::'ce ~ 
flow rate, pressu1°es, seasonal 
variation). 

-----------------------+-----------------.----~---~------
~ 2. 

Demolition 
(With or with­
out use of 
explosives) 

Excavation with or 
without use of 
explosives. 

Evaluation of drill­
ing difficulties. 

Evaluation of blast­
ing plan and over­
break. 

Hardness and abrasi vi ty of yc,:•k. 

Patterns of dir;continuitie,; 1 :1 

rock (importance and orientation., 
stratificatioE, sch:L stosi t.y, 
fracturation). 

Longitudinal heterogeneity a~ 
terrains. 

Transverse heterogeneity of 
terrains. Limitation of blast 

shock. Presence of grou.nd--water 1.E1de:' 

Use of boring machine. head ( condi tio:'1 of working fe.cE· i 
Available means for 
excavating without 
explosives (machine 
or manual excavation). 

Presence of gr:rJ.nd-·,mter not 
d h , ( .~ ... - ' \ un er eaa wa ue:c c. ao.1.e; . 

M:echanical :properties of ten•ai. c 
(condition of ·;rorking face h1 
soil). 

1-----------f-------------+-------------------·····----···-··-·--· ... 

3. 

Mucking 
( Rubble removal) 

Ease of loading. 

Limitations on dis­
tance of transport 
underground. 

Possible recycling of 
rubble. 

Presence of ground-wate,· ,. 

Fracturation charac-crc:r:i sti.c:•:;, 

Organization of wor};: 0,ite r,,nd 

number of headings. 

Possible use of rubble in 
concrete. 

---------------------------------------·-··-·---·-······ 



Nature of Work 

1. 

Temporary 
support 

2. 

Lining 
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STABILITY OF EXCAVATION 

Problems Posed 

Stability of excava­
tion and acceptable 
delay before erecting 
supports. 

Stability of supports. 

Limitation of terrain 
collapses. 

Required work to 
strengthen existing 
structures. 

Necessity and dimen­
sioning. 

Acceptable delay 
before installation, 
and resultant phasing 
of construction work. 

Longevity of lining. 

Waterproofing. 

Studies to Be Undert':ll'.:en in order 
to Determine Construction Methods 

Mechanical behavior of terrain, 
including overlying cover and taking 
note of presence of ground-water: 

- compressive rupture in the case 
of heav.:f cover. 

- slow deformation in the event of 
squeezing terrain 

- soil pressure 

Pattern of discontinuities (strata 
and fractures, spacing and 
orientation;. 

Transverse heterogeneity. 

Stability of terrain at portals. 

Same studies as for temporary support 

Evaluation of stresses that lining 
must resist: 

- deompressed zone 

- soil pressure 

- swelling or squeezing terrain 

- acceptable delay before insta1.l-
ati on, 1 depending upon. deformation 
in surrounding terrain. 

Presence of ground-water (water 
table or localized sources under 
pressure). 

Corrosiveness of ground-water. 

1Particularly when the deferred deformations are substantial (in the 
case of swelling or squeezing terrains). The phasing of other differem 
aspects of construction are also affected. 

l 
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Chapter 4. URBAN SITES 

This cbapter is most especially cr)neerned with the urban 
or suburban environments, where inconveniences to local r'esi dents 
become significa.vit. The following considerations can, of course, 
be extended to any other location where analogous prcblems m:lght 
be posed .. 

l+ .1 Tunnel Location 

Generally speaking, the choice of geometric characteriBtic,:, 
for tunnels in urban locations does not follow the same rules 
as for rural locations, due to constraints related to the envi:r::n-­
ment, expropriation, transportation needs, portal location, approaches 
and work site installations, etc... In brief, tunnel locat:i.on is 
less flexible. 

Because of the generally less favorable condit:i0ns, pa:r·tic­
ularly geological conditions (terrain is often heterogeneous, 
frequently altered, with presence of ground-water), delicate 2-nd 
onerous construction methods are often required. 

Constraints on construction may lead to the adoption of 
very different measures in the definition and location of the 
tunnel. 

According to circumstances, the following may be necess,i:c:r, 
in order to limit risks: 

* 

* 

Recommend an underground layout directly belov exLsti11g r;):3,j .. 

ways, using covered trenches. In this case, layout i,, sev=::'c,-,.,-, 
constrained. 

Envisage a more flexible, and often more direc·,:;, layout at 
greater depth, using a compressed air driving :3hiE:1d i::i <:ttse:: 
of aquiferous terrain, or more traditional methods in other 
cases. This solution may lead to difficulties of another na .,J.;"·• 

for example, difficulties related to portals. 

In each case, the profitability and utility of the tunnel ill.cl/ 

be quite different. 
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In each case, it is a question of being able to adopt from 
the very beginning a basic solution regarding the route, the 
chosen solution presupposing a thorough knowledge of pertinent 
technical and financial data. 

4.2 Parameters to Be Considered in the Choice of a Construction Method 

The choice of construction method should take into account 
the following principal factors: 

* 

* 

* 

* 

* 

Covering is generally light, and terrain is often aquiferous. 

Close proximity of other underground structures (highway, 
railing, subway tunnels, sewers, technical galleries). 

Presence of buildings or other structures in the immediate 
vicinity of the layout whose safety must be guaranteed. 

Obligation to locate portals in built-up area, and to begin 
tunnel excavation under very light cover (often only a few 
meters). 

Lack of space for work-site installation. 

* Difficulty of reaching work site (delivery of materials, 
removal of rubble). 

The absolute necessity of minimizing temporary inconveniences 
(damage to property, discomfort of local residents, disruption of 
traffic) as well as permanent inconveniences (surface subsidence, 
hydrogeological disturbance) demands the imposition of technical 
constraints on the selected construction methods: 

* Limitation of surface subsidence. 

* Limitations on the use of explosives. 

4.3 Terrain Disturbances 

4.31 Limitation of Surface Subsidence: Special Precautionary Measures 

Studies relating to the problems posed by terrain subsidence 
have been discussed in Section 1, paragraph 4.433. 

Underground excavation at shallow depths (as is generally the 
case i.n an urban location) always provokes surface subsidence of 
varying degrees depending on the nature of the terrain, the width 
and depth of tunnel, and the construction method employed. 
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This subsidence disturbs stn,ctures bordering the excavation 
because of the differential moveir~ent 0f their foundations. It is 
generally agreed that modern buildings { E<. few stories high) can 
tolerate a differential subsidence (or 1:pheaval) corresponding to 
a topographical surface rotati 1)n of less than 1/1500 of the raili2n 
without visible damage. This is not the case for structures restLng 
on deep foundations which are more sensiti'le, and for which it is 
~e~essary to take special precautions. 

h.311 Structures bordering the excavat.1011 site should be the object of a 
general inspection before construction in order to: 

* Determine the depth of the foundations. 

* Certify the condition of buildings and structures prlo:r to 
construetion, reporting any evidence of existing crack:::. 

* 

* 

* 

* 

Affixing of elevation marks to masonry exterio:::· of each 
structure so as to be able to measure subsidence. 

Affixing of similar marks on ground surface and at different 
depths in order to measure terrain subsidence. 

Inventory of existing pipes and sewers. 

Strengthening for most exposed structures, including: 

- Chain-bonding of foundations and underpinning 

- Vertical protective curtains in the form of slurry walls o:::· 
sheet piles, etc ... 

4.312 During construction, a periodic leveling of subsidence marks and 
inspection for cracking will permit the close monitoring of 
deformation, thus enabling a timely intervention if req_1..Lired. 
Particularly sensitive structures should be the object of a more, 
detailed observation. 

4.313 It is also desirable to watch for large-scale deformations that 
may appear following landslides, particularly at portals. 

It is recommended that passage u..i-1der buildings, which req_uLrec 
underpinning of the foundations, -be avoided as th:~s work is gen-c,:;~cll;/ 
time-consuming and costly. The trace of the tunnel should therefon 
conform to what can be expropriated, except for buildings which are 
too costly, in which case underpinning will be inevitable. If poss­
ible, construction should be combined with urban i~enewal and renovati-.-n 
In addition, it should be noted that financially :,peaking, repair r,T 
limited damage is often less costly than are precautionary meas1.:rE.F 
required to prevent damage. 
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Factors in Choosing a Construction Method 

In choosing a construction method (the location is assumed 
to be rigidly fixed), one should seek to combat the major causes 
of subsidence: 

* 

* 

* 

* 

Subsidence caused by modification of hydrogeological character­
istics of terrain (lowering of water table by pumping or by 
draining action of excavation). 

In this case attention should focus on those methods that do 
not disturb (or disturb only slightly) the hydraulic character­
istics of the terrain traversed (e.g., driving shield or boring 
machine with use of compressed air, preliminary waterproofing 
treatment, freezing, excavation of a tunnel with watertight 
sidewalls, etc.). (See Appendices.) 

Subsidence caused by driving of timber-pile lining. When this 
risk has been recognized at the time of geotechnical studies, 
other methods of ground-wall support should be adopted (e.g., 
Berlin method, slurry walls, etc.). 

Instantaneous collapse caused by excavation. These collapses 
advance with the working face of the excavation. 

It is essential to note that the nature and density of support 
are not the only parameters to be considered, that the rapidity 
and the quality of its erection are also important. Especially 
in "very poor" or "difficult" terrains, i.e., in soils, rapid 
support erection, sufficient rigidity of the supports, and 
proper lagging are three factors that will limit collapse. Rapid 
placement of lining and proper blocking are similarly important. 
In certain especially delicate cases special methods may be adopted 
(e.g., erection of support and lining with terrain kept under 
compression by jacking). 

Localized compaction under footings for ribs or under supports 
for vault during transitory phases of construction. Such 
compaction reduces the efficaci ty of the support. It is• 
recommended that this be limited as much as possible by provi 
temporary (or permanent)supports with sufficient surface (e.g., 
longitudinal or transverse beams as bases for ribbing, possibly 
prior construction of permanent sidewall foundations or abut­
ments). 

Excavation Using Explosives 

In general, the presence of surface dwellings or nearby 
underground structures greatly restricts the use of explosives in 
urban sites. 
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In this regard, it is customary to limit the maximllill. rate of 
vibration of foundation soils to about 10-50 mm/ s. 11his limit may 
in some cases be lower, particularly in the case of blasting in an 
aquiferous environment. 

These restrictions lead to a severe limitation cf the instan­
taneous charge, generally necessitating the use of mic:rc,-retards. 

Divided-section headings using prepunching or boring machine 
may prove preferable. 

Maintenance of Surface Traffic 

In this respect the best solution involves an almost total 
liberation from surface problems -- for exarnp1e, by increasing 
tunnel depth and resorting to conventional excavating technique~,. 
In tbis way surface interference will be limited to shafts ,)r 
access areas. 

In many cases, for various geological reasons or becr:rnse CJf 

the close proximity of the tunnel to building f:::rundations, it is 
possible to envisage a covered-trench solution, which will permit 
maintenance du:ri:ig construction of a certain fraction of normal 
surface traffic. :Normal traffic can usually be fully restored in 
a relatively short time. Such solutions do not obviate the need 
to take the customary precautions against risks of subsidence. 

4.6 Portals and Approaches 

Subsurface entries are generally required in terrain having 
an altered or disturbed surface. These entries ma:,r require the 
adoption of costly special construction methods (treatments, 
anchorages, etc.). 

Refer to Section 1 for more details. 
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Appendix 1. FULL-SECTION EXCAVATION 

Description 

Full-section excavation is a traditional advancement technique 
whereby the entire cross-section of the tunnel is advanced with a 
single blast. 

Although also based on the principle of full-section excavation, 
those methods involving special techniques or tools (driving shields, 
boring machines, etc.) have been excluded from the present discussion. 

The advancement cycle can be broken down roughly into the 
following phases: 

* First phase: Drilling. For the cross-sections normally encountered 
for highway tunnels (60-100+ m2), the first phase involves drill­
ing 80-150 shot-holes, approximately 4 meters in depth, across 
the entire working face. 

The blasting plan should take into account the fragility and 
fracturation of the rock, and should be adapted to variations 
in the quality of the surrounding terrain. 

* Second phase: Clearing. After charging the shot-holes with 
explosives, blasting follows. Typical blasting plans first clear 
a central core, with the peripheral blasting following after a 
brief retard. This permits cutting the working face in such a 
way as to achieve the desired excavated profile. 1 

1The present trend is to blast in this order: the center plug, the 
peripheral charges, and lastly, the charges in the intermediary ring. 
This procedure, still in the experimental stage, should limit the 
propagation of shocks in the surrounding terrain, and should also 
yield a much more regular profile. 

The future application of this procedure will require various 
complementary studies (arrangement of micro-retards, economic influence 
on advancement cycle, and drilling precautions, etc.). 
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* Third phase: Mucking. Once the clearing has been completed, 
clearing of the roof and working face necessarily precedes 
any removal of rubble or possible support of unstable blocks 
and beds. These two latter phases do not follow any system­
atic chronology, as existing conditions and methods peculiar 
to the particular contractor will in each case determine the 
most productive chronology commensurate with elementary safety 
requirements. 

It should be remembered that the foregoing is but a very 
schematic description of the method. Numerous ancillary 
operations enter into the advancement cycle (ventilation by 
exhaustion after blasting, then by blowing just before mucking, 
removal of machinery before blasting, etc.) • 

. 11'" 

Example of tunnel 

excavated by full-section method 
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Domain of Applicability 

Among the factors influencing choice of the full-section 
method, the following deserve special attention: 

* Quality of surrounding terrain 

* Tunnel geometry 

* Environment 

1.21 Quality of Surrounding Terrain 

The full-section method can be used (in highway tunnels) only 
in good terrain that requires only bolting for support. 

The preferred domain of application is therefore: 

* Massive rock (granite, hard limestone, massive sandstone). 

* Hard stratified rock or strong schistose rock having fe,t fractures. 

* Certain marls that are highly compacted and insensitive to 
hygrometric variations. 

1.22 Tunnel Geometry 

Full-section headings are desirable because of their 
higher efficiency: the method permits the employment of large 
crews on the working face and results in the most systematic 
advancement cycle. Each cycle corresponds roughly to an eight­
hour shift. These two factors effect significant reductions in 
cost and construction time. 

The full-section method also permits the use of heavy 
machinery at the working face.l Generally speaking, amortization 
of this equipment requires a tunnel of moderate length (a minimum 
length of 3-4 km for a tunnel cross-section of 100 m2 ). 

In shorter tunnels when the surrounding terrain permits, 
mechanized full-section excavation can often be effected in other, 
less specialized ways (e.g., using a "jumbo" consisting of pneu­
matic drills mounted on a double-bed truck). 

1The jumbos presently in use carry up 
simultaneously on the working face. 
on the order of 100 metric tons. 

to 20 pneumatic drills working 
The weight of these machines is 



1.23 

1.3 

1.31 

1.32 

115 

In tunnels of smaller cross-section (40-50 m
2

), the fcl.1-
section method is generally more feasible; in galleries of very 
small cross-section (10-15 m2 ), full-section excavation is em­
ployed regardless of the terrain. 

Environment 

The close proximity of structures to the excavation (parti­
cularly in urban sites) may limit the use of explosives (cf. 4.4), 
thus compromising one of the conditions for profitable use of the 
full-section method. 

Safety Precautions 

Terrain 

Generally speaking, it follows from the foregoing remarks 
that terrains requiring the use of steel rib supports are not 
amenable to full-section excavation. The use of ribbing of great 
span and height (10 m wide by 7 m high) requires a reduction in the 
strength of blast-shots, thereby inhibiting the advancement cycles 
and requiring the utilization of special procedures. 

Heterogeneity of Terrain 

Moreover, tunnels are rarely situated in homogeneous geo­
logical formations. Although most of the terrain traversed by 
the tunnel may fall into one of the terrain categories specified 
in 1.21, limited zones of fractured or unstable terrain may be 
encountered, notably near the tunnel portals and through heavily 
folded zones. 

In every case it is wise to evaluate as precisely as possib~e 
the importance and extent of these unstable zones, thereby permit­
ting a judgment regarding the general viability of the full·-section 
method for the project. 

The excavation of difficult zones will have to be effected 
using a half-section method or, if necessary, using a divided­
section method or some sort of terrain treatment (see Appendices 
2 and 3). Such changes in method of excavation usually require 
major modification of construction equipment, if not replacement. 
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1.4 Performance 

1.41 

1.42 

The analysis of construction time requires a preliminary 
specification of terminology. "Daily advancement" refers to 
the distance excavated on one work-day across the entire cross­
section;1 the work-day is usually composed of three 8-hour shifts; 
the work-month is usually composed of 22 work-days. 

Generally speaking, the following are to be distinguished: 

* Maximal advancements, which are obtained under ideal 

* 

conditions as a result of a ~avorable coincidence of relevant 
factors (terrain, labor, smooth rotation of crews and materials, 
etc.). 

Average advancements, which take into account accidents on the 
work-site, and include rest periods for crew and equipment. 
These periods should be anticipated during preliminary planning. 

Finally, 3 to 6 months are generally necessary for work-site 
installation, and constitute a supplementary delay which should be 
considered in planning. 

Advancement 

Using the full-section method of excavation, high 
advancements can be obtained in good terrain for cross-sections 
of 90-100 m2 : 

* Maximal advancements of up to 15 m/day 

* Average advancements of 8-12 m/day 

On the other hand, excavation through difficult zones is always 
very time-consuming. 

Costs 

Within the limits of the domain of applicability defined above 
(good terrain), the cost of full-section excavation proves to be 
lower than for half-section excavation (see Cost volume). 

1
The casting of the tunnel vault, which is not dealt with here, requires 
varying amounts of time depending on both the equipment used by the 
contractor and the anticipated construction cycles. One can assume an 
average advancement of 10 m/day. 
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The choice of this rather inflexible but highly efficient 
method of excavation should result from a compromise between: 

1. Its advantages in terms of construction cost and time. 

2. Risks involved in the event unfavorable terrain is encountered. 
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Appendix 2. UPPER HALF-SECTION EXCAVATION 

Description 

This method is distinguished from the preceding one by 
the addition of a supplementary phase of construction. The 
following procedure is followed: 

* 

* 

First, clearing and possible support of upper half-section, 
following the same principles mentioned for full-section 
excavation. 

Then, after a lag that will vary greatly (20 to several 
hundred meters, depending on the circumstances), clearing 
and possible support of lower half-section (second phase). 

Depending on the nature of the terrain traversed, the 
tunnel lining may be cast after excavation of the entire section, 
or it may be cast in two sections (upper half, and then lower 
half). 

The excavation of the lower section is relatively uncom­
plicated ( analogous to conventional open-air excaT 'l.tion, sometimes 
permitting the use of rippers in favorable terrain). 

Example of 
highway tunnel 
excavated by 
half-section 
method 
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CREUSEMEU PAR DEMI-SECTION ET BETDilHAOE DU REVETHiEHT COMPLET 
EXCAVATION BY HALF-SECTION AND CASTING OF ENTIRE LINING 

CREUSEMENT PAR DEMI- SECTION, BHONtUGE DE LA VOUTE ET EXECUTION EN 
SOUS OEUVRE DES PIEDROITS PAR PLOTS ALTERHES. 

EXCAVATION BY HALF-SECTION, CASTING OF VAULT AND UNDERPINNING OF SIDEWALLS 
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2.2 Domain of Applicabilitz_ 

2.21 

2.22 

In highway tunnels of usual. dimensions, the upper half-section 
method is particularly flexible, permitting its use in a broad 
range of terrains, especially in difficult and heterogeneous terrains 
that require rib support. 

?lexibility of Use 

In the first phase, the excavation of a reduced cross-section 
(10 m by 4 m) permits the installation of steel ribbing, simul­
taneously allowing the utilization of highly efficient equipment. 
As this equipment is quite conventional, the half-section method 
proves to be more economical for short tunnels, since it can be 
:favorably combined with light and rapid support techniques (bolting, 
shotcrete, lightweight ribbing). 

In the event that poor terrain is encountered (highly over­
consolidated soils, rocky soils), it is possible to use conventional 
forepoling techniques in order to provide support above the 
face. The support for the upper half-section are completed by the 
rapid placement of the first thickness of the concrete lining, even 
before excavating lower half-section. 

Quality of Surrounding Terrain 

Because of its adaptability, this method should be 
favored when terrain quality may vary along the length of the 
tunnel. In fact, it is customary (except in the event of very 
localized, minor irregularities) to adopt a single construction 
method requiring the same equipment and techniques. (But not 
necessarily the same support techniques.) 

Thus, excluding cases involving ground-water pressure, the 
method is applicable in the following terrains: 

* 

* 
* 

* 

Hard or massive rock, insofar as it does not fall within the 
domain of applicability for full-section excavation (Appendix l). 

(Very) fractured rock. 

Soft rock (marly limestones, flysch, certain molasses, soft 
sandstone, marls, altered rock, etc.). 

In exceptional cases, hard or rocky soils. 
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2.33 
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Precautions 

Terrains 

Application of this method should be strictly limited to the 
aforementioned terrain categories. In particular, it should be used 
only rarely in poor terrain requiring systematic forepoling. 

Stability of Excavation during Construction 

The upper half-section method requires certain precautions 
in order to avoid disturbances of the vault support or lining 
during both the excavation of the lower half-section and the con­
struction of sidewalls (rupture under rib or lining footings, crack­
ing of the lining). These risks are greatest in soils. They are 
augmented by the presence of squeezing terrains and by ground­
water intrusion. 

It is necessary in this case to take certain precautions 
during construction: 

* For the upper section (longitudinal bracing of ribs and firm 
seatings, placement of primary lining, etc.). 

* For the lower section (underpinning of support, careful and 
effective underpinning sidewalls, excavation of alternating 
sections, placement of inverted floor to counteract pressure, 
etc. ) . 

Environment 

Because of the large cross-sectional arch excavated during 
the first phase, it is necessary when excavating soils or fragmented 
rock to attend to the risk~ of terrain subsidence or collapse. 

These risks are particularly grave in urban zones. 

In summary, the value of this excavation method depends ,~hief1y 
on the organization of excavation phases and on the precautions 
taken during the course of excavation. 

2.4 Performance 

Because this method requires an additional phase for 
excavating the lower section, and possibly further phases for 
casting the lining of the upper section, the divided-section 
method is significantly slower than the full-section method. 
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Depending on terrain traversed, and on nature and spacing of 
the required supports, average advancement rates for the entire 
cross-section can be estimated at 2-6 meters per day. 



Appendix 3. DIVIDED-SECTION EXCAVATION 

3.1 Description 

1 

The "divided-section!! method includes a2-l those procedures 
where clearing of the tunnel cross-section is effected in more 
than 2 distinct phases ( see figure below) . 

I 2) First, parallel galleries of small section \5-12 m are 
dug; these may be situated at the vault springs, at the base of 
the sidewalls, or at the tunnel summit. 

* 

* 

* 

Spring galleries require an intermediary e ~or each half­
section. They may be placed within the future pro~ile of the 
tunnel, or may project laterally. 

Base galleries may permit subsequent full-section clearing, 
protected by either: 

- a conventional rib and lagging support, in which case 
they provide a rigid footing for the support; 

- a driving shield rolling on benches; 

- or a vault of 
supported by abutments. 

prefabricated concrete, 

The summit gallery, which is useful during cle , 
may also be used for advance terrain reconnaissance, and for 
possible treatment of surrounding terrain, if necessary. -

Method used by Paris Metro for construction of very wide underground 
subway stations. 



r :: 
~. i; 124 

EXAMPLES OF CQNSTRUCTION IN DIVIDED-SECTION 
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3.2 Domain of Applicability 

3.21 

3.22 

The divided-section method, which is both time-consuming 
and costly, is the traditional and most reliable method for 
excavating large cross-sections (such as highway tunnels) in 
poor terrain. 

Geometry and Site 

Large cross-sections often involve risk of instability of 
the excavation, and, in the case of light covering, serious risks 
of surface subsidence. 

The divided-section method, a faithful imitation of very 
traditional procedures, mitigates these difficulties, as the 
excavation of a very small section permits bec',t and most rapid 
limiting of decompression of adjacent terrain. In an urban site, 
the combination of divided-section with preliminary treatment of 
terrain or recompression at the time of vault placement, permits 
a significant limitation of surface 3ubsideLce. 

This method thus may be selected for use in difficult sites 
{urban zones) under light covering. It can most certainly be 
applied as well in other locations, depending on the quality of 
terrain encountered. 

Quality of Surrounding Terrain 

When approaching identified and localized geological 
irregularities, this method permits advance terrain reconnaissance, 
and thereby limits construction risks. 

Generally speaking, the divided-section method is well suited 
to terrains requiring support and lagging: 

* Rocky soils (scree, mor~ine, altered rock). 

* Hard soils 

* Argillaceous soils of low or moderate plasticity 

* Dry pulverulent soils 

* Eroded rock of very low strength. 



3.3 Precautions 

In case of soils below the water t.a!..Jle, or for very plastic 
soils, it is necessary to employ other methods (driving shield, 
terrain treatment, freezing). 

The critical phase, to which special attention should be 
directed, is that of enlarging to full-section from the advancement 
galleries. 

3.4 Performance 

The excavation of small galleries requires manual labor 1mder 
difficult conditions; consequently, there can be no question of 
rapid advancement, since safety must take precedence over all 
other considerations. 

Daily advancements to be expected for excavation of the entire 
section can range from about 0.25 to 1 meter per day, depending 
on the circumstances. 

Excavation costs are quite high in these poor terrains 
(see Cost volume), and may be greatly increased as a result of 
work-site accidents, or when recourse to yet more complex procedures 
(such as terrain treatments) proves necessary. 
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Appendix 4. BORING MACHINES 

Description 

This heading subsumes all machines that bore or cut 
surrounding terrain, thereby replacing manual excavation or 
blasting for this task (cf. figure below). 

Form of Excavated Cross-sections 

According to the heading method used on the working face, 
the following cases can be distinguished: 

* 

* 

That in which terrain is attacked by one or several 
attached to mobile arms. This type of machine 
in either a circular or non-circular cross-section. 

That in which tools are carried on a rotating circular 
disk. These tools may be knives, picks, cutting wheels, or 
rotary drills, the last two rotating in an opposite direction 
to that of the disk itself. 

This type of machine is presently the most widely used in Europe; 
it only permits working in circular cross-sections. 

Possible Accessory Equipment 

* 

* 

In pulverulent or plastic soils, the boring machines may be 
protected by a steel driving shield in order to insure the 
support of the excavation as advancement progresses. In this 
case, the casting of the lining closely follows the driving 
shield. 

In aquiferous soils, the boring machine and driving shield may 
operate in a pressurized environment in order to permit work 
to continue in water depths of up to 25 cm. 
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Functioning of Machine 

The machine must be able to exert a force of several thou­
sand tons on the working face. In order to develop this force, 
the machine can be braced laterally against the rock facing of 
the excavation (if the mechanical characteristics of this facing 
will permit it), or longitudinally against the previously cast 

Advancement is effected in a caterpillar-like fashion. TY1e 
mobile cutting head can move forward a meter or two, while the 
body of the machine and the support jacks remain stationary. 

Guidance of the machine, which is especially important 
because of high advancement rates, is presently accomplished by 
means of lasers. 

Domains of Applicability 

As will be seen below, boring machines are still in the 
experimental in Europe. Their use is presently limited to 
certain soils or soft terrains, and in certain cases, to hard 
terrains of small cross-section. Progress in this field is, 
however, very rapid, and it may be assumed that with the growth of 
underground construction and the standardization of cross-sectional 
profiles, these machines will in coming years gradually replace 
tradtional methods of excavation. 

Quality of Surrounding Terrain 

Numerous parameters affect the amenability of a terrain to 
mechanical boring. Although not the sole criterion, compressive 
strength is a simple criterion that is commonly used. 

Presently (1970) , boring machines are capable of working in 
rock whose compressive str'ength reaches 2,000 bars ( in highway 
cross-sections 8-10 m. in diameter) and even exceeds this 
for small cross-sections (approximately 3 m. in diameter). 

Other criteria linked to the internal geology and geometry 
of the surrounding terrain intervene in the applicability, 
advancement rates, and profitability of these machines: 

* Hardness and abrasivity of the rock (wear of cutting tools 
represents an important portion of operating expenses). 

* Density and moisture content of terrain. 

* 
* 

* 

Schistosity and fissuring; material filling fissures. 

Bedding. 

Lo:1gitudinal and transverse heterogeneity. 
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Environment 

Elimination of blasting eliminates shock both adjacent 
to and at a distance from the excavated section. Also, the 
boring machine disturbs the terrain traversed to a much lesser 
extent, considerably diminishing need for support and lining. 
To a certain degree, it helps in limiting surface subsidence, 
assuring that cavities between lining and rock facing are properly 
blocked. 

As a result, use of boring machines in urban zones is a 
preferred domain of application. 

In consideration of the preceding, and in view of the 
high cost of these machines, boring machines are also appropriate 
for homogeneous terrains located in rural areas. 

Geometry 

Machines that cut a section 3 m. diameter have already 
been used to drill horizontal galleries, sloping galleries, and 
shafts. One possible technique in an urban zone, when density of 
surface structures is great and covering light, consists of 
excavation by divided-section method using 3 advancement galleries 
dug by machine. 

In a 10 m. diameter, machine-dug excavations are currently 
of circular cross-section. This shape may be disadvantageous to 
other phases of construction, and in every case ::.t requires the 
installation of a roadway deck. On the 0th.er hand, this method 
is well-suited in cases of high hydrostatic pressure or in 
terrains likely to develop expansive pressures. 

4.3 Advantages and Precautions 

The primary advantage of these machines, mentioned 
above, lies in their very minimal disturbance of the terrain 
traversed, coupled with total elimination of explosives, which 
renders its use especially appealing in urban sites. 

Secondly, these machines reduce to a bare minimum both the 
quantities of support to be installed and the thickness of the 
lining. Elimination of blasting in favor of sustained boring 
results in an accurate cutting of the working face, in most cases 
yielding a tunnel with the appearance of a smooth, regular cylinder. 
The financial savings that accrue from these reductions of support 
and lining can be expected to be substantial (see Cost volume). 



4.32 

4.4 

4.41 

131 

A third advantage is their increased advancement rate in 
favorable terrain; this advantage should be qualified somewhat: 
the machinery and crews require substantial periods of time for 
rest and maintenance. 

Precautions 

* 

* 

In the event that heterogeneous terrain is encountered, 
especially in the case of transverse heterogeneity, machine 
performance may be considerably reduced. In extreme cases, 
encountering of a major obstacle (a very hard , a fault, 
etc.) may require recourse to a traditional method of excavation 
which, in turn, may cause a major , if not the complete 
shut-down of operations. 

In soils that will not provide the necessary support 
for the machine, it is necessary to install -:,he tunnel lining 
(generally in the form of prefabricated concrete or cast-iron 
sections) immediately after passage of the machine in order to 

the necessary longitudinal support. 'fi1ese measures 
require a rigorous organization of construction, as well as 
special, costly materials (the machine must be protected by a 
driving shield}. 

* The cost of these machines is presently very high, as is the 
replacement of worn cutting tools. 

* 

* 

The profitable use of these machines requ:.res tunnel lengths 
that are great enough to insure an amortization of the machinery, 

In open country, 5-6 km seems to be the minimal length (3 km 
for a double-tube tu.~nel). 

In urban locations, the machines may prove profitable for 
even shorter lengths, because of the difficulties normally 
encountered using traditional methods (terrain treatments, 
rigorous limitation of blastff.ng, etc,). Experience within 
this domain is, however, still limited in France. 

Performance 

Advancements 

It is necessary to distinguish maximal possible advancement 
from the average advancement for the entire project. Because of 
the time required for tool changing and maintenance, working 
time of the machines generally does not exceed 50 to 60% of the tiffi~ 
that they are physically on the job. Moreover, machines may be 
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specially manufactured and adapted for a particular tunnel 
project; the normal period required for manufacture and delivery 
varies from 8 to 12 months. 

With this in mind, the following average hourly advancements 
can be anticipated: 

* 3 m. diameter: 2.5 m/hour for Rc ,i,J 250 bars 

0. 3 m/hour for R ,,...,, 2,000 bars 
C 

* 8 m. diameter: In soft and homogeneous formations (soft 
limestones, sandstones, argillaceous marls, 
shales) advancements of 30 m/day have been 
obtained -- and even higher advancement rates 
in certain very favorable circumstances. 

4.42 Costs 

In difficult locations (notably, in excavation 
below the water table) advancements are much 
lower than the figures cited. 

At the present time it is not possible to furnish a precise 
characterization of boring costs. 

The purchase cost of a machine is generally high: 

2,500,000 F for a 3 m. diameter machine 

10,000,000 F for a 8 m. diameter machine 

Also, tool-changing costs amount to about one-fourth the 
boring cost. 



Appendix 5. DRIVING SHIELDS 

Strictly , driving shields d.o not constitute 
either a boring or excavation method, but rather a 
technique which insures protection of the work site. 

Description 
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The driving shield is usually a steel cylinder (slightly 
in dimension than the tunnel, equipped with a cutting head 

at the front and a protective skirt at the rear. The driving 
shield is forward by means of a ring of jacks :pushing 
against that part of the lining already installed (see figure 
below). 

The forward thrust imparted by the jacks, generally very 
high, must force the driving shield into the terrain, overcoming 
lateral frictional resistance. 

The method of propulsion makes it necessary for lining to 
follow advancement and to be able to sustain immediately the 
forces exerted by the jacks. The lining, generally of prefab­
ricated cast-iron or reinforced concrete sections, is installed 
inside the protective skirt of the driving shield. 

Depending on the difficulties encountered, a driving shield 
may be equipped with: 

* Only heavy excavating machinery (for loose but coherent soils). 

* A forepoling apparatus (for swelling terrains). 

* A jumbo for minor blasting. 

* A boring machine. 

* Compressed air equipment (for excavation below the water table). 
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Domain of Applicability 

Quality of Surrounding Terrain 

By their very design, driving shields are especially well 
suited for use in poor terrain or in very poor terrain that 
re uires immediate su ort, even lagging above the working face 
i.e., soils and altered rock). 

In aq_uiferous zones, the compressed-air driving shield 
remains the only possible method when, for diverse reasons, the 
following techniques are not possible: 

* Terrain treatment (lowering of water table, injections, 
free ) . 

* Solutions employing covered trenches (cf. Appendix 6). 

* Solutions employing prefabricated caissons (cf. Appendix 7). 

5.22 Environment 

Use of a driving shield limits soil ion to some 
extent, provided that immediate, effective blocking between the 
lining and terrain fac is assured, so as to allow no cavities 
to remain. Special care must be taken to fill the 
cavity left by the advancing driving shield. 

5.3 Precautions 

The driving shield is a heavy machine (weighing several 
hundred tons) that progresses well only in loose 3oils. Passage 
through more resistant terrain may lead to great advancement 
difficulties and possibly to a difficult and expensive of 
excavation method. Moreover, guiding this machine is always very 
difficult in heterogeneous-formations. 

Use of a driving shield below the water table is limited f;.-J1' 

reasons of worker physiology to depths of less than 25 m. of water. 
Moreover, the use of compressed air requires a minimal terrain 
covering of 10 meters. (Otherwise, it may be necessary to use 
special treatments on overlying terrain to minimize air loss). 

As a result, solutions using a driving shield have a very 
restricted domain of application. 
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Performance 

Advancement 

Driving shield advancement depends primarily on the 
lateral pressures exerted by the surrounding terrain. Yet 
advancement is relatively insensitive to changes in terrain 
quality because of the systematic procedure that characterizes 
its advancement. 

Possible advancements in the range of 0.5-3 m/day can be 
anticipated. 

5.42 Costs 

The cost of the driving shield itself is quite high. The 
cost of the required hydraulic equipment and the production of 
compressed air, and sometimes that of the boring machine that 
it protects, leads to the conclusion that such equipment is 
profitable only in very poor terrain, for sufficient lengths, or 
when the difficulty of an urban site seems to justify it. 
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Appendix 6. COVERED TRENCHES 

Description 

When the proposed longitudinal profile of a tunnel results 
in only a light covering above the vault (less than 10 meters), 
it may be more economical to adopt a covered trench construction, 
assuming that the surface is free of any structures or buildings. 
The trench covering enables aesthetic constraints to be respected 
or surface traffic to be restored. 

This method also permits limitation of excavation depth to 
6 or 7 meters, and in many cases avoids excavation in water-bearing 
terrain especially in urban sites where the water table is commonly 
q_uite high. 

Covered trenches provide a rectangular cross-section. 

Types of Structures 

* 

* 

The following profiles are most common: 

Self-supporting box of reinforced concrete 

This structure is well-suited to cases where the tunnel is 
located below the water table. It can be employed if con­
struction of a second tunnel at a lower level is anticipated 
in the future. 

Trough with covering slab 

This structure can be adopted if the tunnel is in contact 
with the water table, but not submerged. It is currently 
used with temporary supports (timber piles) or when 
supports are not an important factor in the stability of 
the tunnel (Berlin and Hambourg methods). 



TRANCIIEES COUVERTES 
COVERED TRENCHES 

TYPES DE STRUCTURE 
:□•-.• ........ .. . .. 

: -~-
~ : . 
. •. . ·, .. 
": . : . ~ .. · .. ; . ·• ·. 

::, .::· DC·::. ~:::..•~----~.....:!,..,.,Y;:E .... -.~:,:: ... OF STRUC,,_TU;;;.._> ..... JRE--~ .-.-. -. --
~ .. . 

Cadre au10-por1ant Section en auge PorliQue 
Portico 

.•· 

Self-supporting box Trough 

Berlin and Ha.mbourg Methods 

l38 

Murs porteurs+dalle 
Bearing walls & slab 

METHODES BERLINOISE ET HAMBOURGEOISE 

, I ' . . I 
I 
' . 

' ' I • . 
. . , 

H N I . ---

2 3 4 
PHASES o· EHCUTION DU SOUTEHEMENT 

PHASES OF SUPPORT CONSTRUCTION 
.., 

A single castin 
Un seul c~!l_r_a g!_ 

; 

Berl ino ise 

Drilling column 
Colonne de perforation 

i 

I, 

~ 
' 

Hambourgeoise 

SLURRY WALLS 
PAROIS MOULEES 

Introduction of concrete 
Arrivee du beta:: t + ---

'""'{~' /:-""' 
~,,..,...,""""'~~-4;:.l,=J,;:~:J;:$-~"'~""',...,,✓-..... "'•A l· ---, f-p::,,...' ",....,, /,,...,_,.---

"'' ~ -

mud 

...._.......,oncrete ··~----.-.--
2 3 

PHASES o· EXECUTION D'UN PAHNEAU 
Phases for construction of a panel 



6.12 

* 

* 

139 

Reinforced prestressed concrete portico 

Although generally used when tunnel is entirely above the 
water table, it is nonetheless possible to use this structure 
when ground-water is present, if a watertight box can be 
constructed of longitudinal and transverse partitions resting 
against an impermeable substratum. 

Bearing sidewalls with covering slab 

This solution is very similar to the preceding one. Although 
easier to construct, it has more joints that will require 
sealing. 

Support of the Trench 

In cities, the narrow ,·ddths available for shallow passage 
of a tunnel or trench requires the excavation of vertical cuts 
in often loose soil. In excavating these cuts, different methods 
or combination of methods may be used ( see figure above): 

* 
* 

* 

* 

* 

Lined trenches, 1 to 3 meters wide. 

Pile-plank walls. 

Slurry walls . 

Injection treatments effected before excavation may eliminate 
need for support if the terrain coheres fairly well. Such 
treatments also reduce soil permeability sharply. 

Interlocking, secant, or closely spaced 

Their diameter generally varies between 80 cm and 3 m. The 
large dia.llleter are necessary in the case of heavy loading 
(~.g., large adjacent buildings). 

In the case of spaced piles: 

A continuous, reinforced concrete beam located high on the 
will reduce differential displacement. 

* A protective wall tying piles to each other, installed after 
excavation. 

* Berlin or Hambourg methods 

These methods make use of a support of soldier piles tied 
together, and anchored at different levels by means of 
or cross-lot struts. 



* 

140 

Slurry walls 

This method has, for good reason, been in vogue now for several 
years. Narrow vertical trenches 50 cm to 1.20 m. in width are 
dug to the desired depth by means of clam-shell buckets, trepans 
in hard terrain), or rotary-percussion machinery. 

From time to time during excavation they are filled with 
permanently circulating bentonite which assures: 

- rubble removal ( in the case of trepan drilling). 

- watertightness and integrity of the walls of the excavation. 

- hydrostatic equilibrium with exterior water table. 

After excavation of a panel to the required depth, reinforc­
ing steel is lowered, and then the concrete is placed. Alternate 
panels are completed, then intervening panels are placed, and 
finally joined with original panels. The stability of these 
panels, after excavation of the trench, is assured by tie-back 
anchorages and by butting in the covering slab. 

It should be mentioned that prestressed or reinforced 
anchorages are much more costly than struts. In many cases 
it is possible to use cross-lot struts. 

6. Excavation 

The choice of excavation method is based primarily on the need 
(if there is one) in urban sites to maintain surface traffic 
circulation. Depending on the circumstances, excavation may be 
accomplished in the following ways: 

* Open air excavation of sections between the previously constructed 
support walls. 

* Underground, after having placed the covering slab over the 
section to be excavated. 

6.14 General Structure 

6.141 Invert 

An invert is often necessary, even if tunnel is above the 
water table, when differential subsidence or swelling is feared. 

The invert is usually of reinforced concrete, and is 
designed depending on the circumstances: 

* To resist the upward pressure of ground-water, when tunnel 
is located below the water table. 
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* To support entire tunnel (as in case of a box or trough). 

* To behave like a beam supported on deep foundations (as is 
the case of pile or slurry wall foundations). 

If invert is to satisfy several of these ccnditions simul­
taneously, its thickness may be considerable (1.50 m. and more). 

6.142 Covering slab 

The slab is made of reinforced or prestressed concrete. 

Depending on the load and span, the slab is either of constant 
thickness (perhaps honey-combed) or else ribbed. I:!1 the latter case 
the transverse beams are of prestressed concrete. 

6. 143 Median partition ( in the case of a tunnel with divided roadway): 

6.15 

* 

* 

Continuous section: continous cast partition, simple partition 
in a trough section, etc. 

Discontinuous cast-in-place or prefabricated sections: dis­
continuous cast partitions, columns resting on large diameter 
piles, etc. 

In the latter case, it might be wise to fill the interstices 
between the columns, thus creating a solid partition between the 
two roadways. This will allow for the f~ll development of vehicle 
11piston-effect, 11 thus engendering important economic in the 
11Ventilation" category. 

Watertightness 

Tunnel construction waterproofing methods are clos related 
to the chosen method of construction. Furthermore, depending on 
the circumstances, either a partial or total waterproofing ~ay be 
required. 

For each section of the tunnel two traditional waterproofing 
techniques are available: 

* 

* 

Extrados waterproofing; 

Intrados waterproofing: 

bituminous coatings, multiple layers, etc. 

mortars, resins, etc. 
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Surfaces 

The following are generally used: 

* 

* 

For ceilings: white, blue, or black resin-epoxy paints. 

Fcir sidewalls: light-colored glazed clay tiles. 

At the tunnel portals~ the sidewalls are usually covered with 
a mortar or cut-stone facing. 

Domain of Applicability 

Quality of Surrounding Terrain: Nature of Various Support Methods 

The following table details various methods of ground-wall 
support for trenches, specifying the terrains to which the particular 
methods are suited, as well as the principal characteristics of 
these methods and the type of foundations which they re. 

As a rule, these methods can, when necessary, be combined 
with a lowering of the water table. In the case of pile-plank or 
slurry walls, it may be worthwhile to anchor their base in an 
impermeable layer when this is economically feasible. If the 
permeable terrain extends to a depth, it may be necessary to 
employ an inj~cted sub-invert for anchorage of the walls. 



Method of Nature of soil Advantages Disadvantages 
support 

Lined Dry terrains Flexibility of method Serious delays. 
trenches (heterogeneous soils, 

backfill). 

Enables covering 
before excavation of 
full-section 
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Type of 
foundation 

Bedplate 

-------------------------- ---------------------- --------------------- ----------
Pile­
plank 

Loose soils Soils not decom­
pressed. 

Wall can be water-

Risk of damage to Bedplate 
buildings from ad-
jacent pile driving. 

proofed if necessary. Encumberment of 
construction site. 

Major delays. 

res forming for 
tunnel sidewalls. 

----------~--------------- ---------------------- --------------------- ----------
Thin 
injected 

Permeable 
terrains 

Permanent improvemen·::; 
of mechanical char-

Expensive, difficult 
method. 

Inverts 

screens -2 acteristics of 
( 10 to t . Requires forming for 

10-l m/s) errain. tunnel sidewalls. i 

-------- -, ·-------------· --------------------·---------------------~-------- -
Soldier Both loose Possibility of des- Major delays. Piles 
piles and relatively cending to great 

hard terrains depth (inviting if 
substratum is firm). 

----------~---------------
Berlin 
and 
Hambourg 
methods 

Dry terrains Collapse reduced to 
a minimum. 

Possibility of exter­
ior waterproofing in 
case of Hambourg 
method. 

Requires forming for 
tunnel sidewalls. 

--------------------~-r----·--- ·- . 
Requires forming for 1Invert 
tunnel sidewalls. 

----------~---------------~---------------------- --------------------- ----------
Slurry 
walls 

Not suitable 
for very 
-permeable soils 
(k ( 10-2 or 
10-l m/s) or 
for heteroge­
neous fill or 
soils. 

Minimal work-site 
encroachment. 

Watertight partition. 

Enables covering 
before excavation of 
full-section 

Machines are often 
quite tall. 

Soils are decom­
pressed. 

Risks of bentonite 
leakage. 

Need for rapid and 
continuous placing 
of concrete. 

Slurry 
walls 

'---------------..J...------------+-----------------,.----



6.22 Environment 

Covered trenches are used mostly in urban zones, but require 
a surface site free of all structures. Thus in the center of cities, 
implantation of such covered trenches is strictly limited to the 
subsurface of roadways. 

Protection of scenic sites may, in open cou~try, require the 
concealment of certain roadways using covered trenches. 

6.3 Precautions 

* The major difficulty lies more in the site than in the 

* 

* 

method: in urban zones, operations dealing with construction, 
rubble removal, and concrete work, are always complicated. 
Moreover, maintenance of surface traffic requires rapid completion 
of the project, as well as expensive temporary structures. 

For these reasons, an excavated tunnel solution is often 
competive, as it avoids surface problems (assuming that the 
necessary precautions for soil treatment and stability of 
buildings are taken) and permits a much more flexible and 
direct layout. 

Other difficulties may arise during construction of support 
walls, notably when underground obstacles are encountered 
(unexpected utility services, old foundations, , etc.). 
In this regard, every effort must be made to improve the 
precision of data regarding existent service networks. 

Resorting to covered trenches in the proximity of dwellings does 
not eliminate risks of subsidence, and consequently 
taking all possible precautions in this matter (sufficient 
rigidity of excavation supports, underpinning of building 
foundations, soil treatments, etc.) 

6.4 Performance 

The time required for the excavation and support of the trench 
varies greatly depending on the construction techniques employed 
and the terrain encountered. By way of illustration, using present 
techniques a single crew can construct 25-80 m2 of slurry wall per 
day. 
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Appendix 7. PREFABRICATED CAISSONS 

7.1 pescription 

For subfluvial, submarine, or extremely aquiferous passages, 
several methods can be used: 

* 

* 

Injection, electro-osmosis, or freezing of terrain, followed 
by any other construction method. 

Traditional excavation methods if there is an underlying 
impermeable layer. 

* Using a driving shield. 

Prefabricated steel, reinforced concrete, or prestressed 
concrete caissons can also be included in this list. 

These caissons are of circular or, more commonly, of 
rectangular cross-section. Overall dimensions are quite large 
(20 m. wide, 6 m. high, 100 m. long). They are installed in 3 
ways: 

* In shallow depths (approximately 20 m.), underwater construction 
in a pressurized chamber (or diving bell). 

* Construction of caissons inside a coffer d8Jl1. 

* Prefabrication of caisson in a dry enclosure and then 
floating to construction site, where caissons are sunk into 
a previously excavated trench (possibly resting on bedplatP.E, 
shafts, or piles). 

The design should insure that the caissons can withstand 
forces that might be occasioned by differential collapse of the 
excavation, by their own weight~ by water pressure, and by possible 
loading of the caisson. The caissons must be adequately ballasted 
or anchored to prevent their reflotation. 
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Domain of Applicability 

Subfluvial or submarine passage 

The choice of method for traversing a river or ocean inlet 
requires a difficult comparative analysis of the economic trade-offs 
between a bridge, excavated tunnel, or submerged caisson tunnel. 

* 

* 

Various tunnel solutions are possible: 

The nature and permeability of underlying strata are major 
geological parameters. 

Existence of an impermeable layer may permit traditional exca­
vation methods (full, half, or divided-section excavation, boring 
machine), thus avoiding the procedures discussed in 7.1 above. 

Shallow water depths may permit the use of a driving shield in 
a compressed-air environment. 

Generally speaking, a detailed geological study of approaches 
and shoreline is indispensable in the choice of a solution. 

The topography of the shore, approaches, and depths are extremely 
important geometrical parameters. 

If traffic predictions (or anticipated regulations) permit 
grades a solution that makes use of submerged caissons will 
usually yield a tunnel of shorter length. 

Precautions 

Submerged caissons constitute a possible solution only on the 
condition that they leave sufficient draft for fluvial or maritime 
traffic. 

Technically speakinK, they involve numerous difficulties: 

* Excavation, treatment, and maintenance of excavation bottom. 

* Stability of footings on steep river banks. 

* Positioning of caissons (strong marine currents, etc.). 

* Assembly caissons and waterproofing of joints. 

* Adequate waterproofing of caissons requires very careful pre­
fabrication, very limited shrinkage. 

At present, the last two difficulties are almost totally 
surmounted. 



8.1 

Appendix 8. SPECIAL TREATMENTS 

It is not possible to discuss, even briefly, tunnel 
construction methods without mentioning special treatments 
which, while remaining highly specialized ·techniq_ues, should be 
ever-present in the engineer 1 s mind at the time of project 
planning. 

Included under this heading are tll methods or 
destined to improve terrain quality, before tunnel construction 
begins or in the event a major irregularity is encountered. The 
terrains treated are generally aquiferous, or dry pulYerulent 
terrains. Treatment permits use of traditional excavation methods. 

As a rule, five categories for the mass-treatment of 
terrains may be distinguished: 

* Drainage during advancement (during the course of construction). 

* Lowering of water table (preliminary treatment). 

* Injections (preliminary or construction). 

* Soil freezing (preliminary treatment). 

* Electro-osmosis (preliminary or during construction). 

This appendix constitutes a simple reminder. In addition, 
it is intended to draw the attention of engineers to the existence 
of and the specific difficulties associated with these treatments, 
rather than to provide a detailed description and analysis. 

Drainage during Advancement 

In the event that water-bearing permeable soils are encountered 
during construction, it is possible to lower the interstitial 
pressures by draining the terrain during advancement. 

This drainage should be accomplished by drilling, through the 
working face (about 10 meters) and laterally. 
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Lowering of Water Table 

Lowering of the water table is especially useful in 
pulverulent soils, sands, and highly permeable gravels (k) 
10-3 cm/s). 

Economically speaking, this procedure is generally deemed 
profitable when there exists an impermeable layer at a maximum 
depth of approximately 30 m. 

Particular attention should be focused on the risk of surface 
subsidence with resultant damage to structures in urban zones. In 
such sites, lowering the water table is often ruled out if the 
compressible layers are thick. 

Injections 

The criteria for use of terrain injections are clearly 
similar to those for lowering the water table (here again soil 
permeability is an important criterion1 ). There are different 
types of injections, depending on their function and nature. 

It will suffice here to reiterate that in practice tunnel 
injections are used in two situations: 

* Before construction, in order to consolidate surrounding 
terrain. Their objective is to provide sufficient cohesion 
and to diminish permeability, prior to excavation. The 
injections may be effected from the surface or from exploratory 
galleries. There are also waterproofing injections, which are 
only slightly effective in improving mechanical characteristics, 
but which greatly reduce permeability. 

These injections involve risks of building upheaval in 
urban zones. 

* During the course of construction, as a means of negotiating 
zones of geological irregularity (particularly faults filled 
with sand or clay, under strong water pressure, possibly reaching 
60-80 bars). These injections are usually accomplished during 
advancement from the working gallery, and should produce a 
continuous cylinder several meters in thickness around the 
gallery. In the event of a strong hydrostatic pressure, it is 
possible to combine injections and drainage. 

In every case, these are extremely delicate operations requir­
ing the service of highly specialized firms. When recourse to this 
procedure is anticipated, efforts should be made to arrange for in 
situ testing before calling for proposals or initiating bidding. 

1Determined by means of pumping or Le Franc tests. 



8.4 Soil Freezing 

In pulverulent aquiferous soils and in very plastic soils 
with a high moisture content, the stability of the surrounding 
terrain may be assured by freezing, when other methods are not 
technically or economically feasible. 

The utilization of this procedure requires extensive pre­
cautions (drilling precision, monitoring of freezing process, etc.) 
and is extremely time-consuming, requiring several months. 

It involves risks of terrain distension, detrimental to 
adjacent buildings. 

8.5 Electro-osmosis 

Electro-osmosis is applicable to very plastic, humid soils. 
The treatment may be used for construction of covered trenches in 
very plastic aquiferous terrains in which no other method except 
freezing is possible. It permits the artificial drainage of terrain 
adjacent to the excavation without disturbing the hydraulic character 
of adjacent terrain. 

8.6 General Remark 

When the problem of mass-treatment of surrounding terrain 
is posed, the following elements should be given priority con­
sideration: 

* Nature of ground-water sources: Head, velocity, and origin 
of ground-water. 

* 

* 

Flow~ pressure, and material 
filling fissures. 

Terrain permeability; e~istence of impermeable layers. 

Safety of proposed treatment methods. 
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Appendix 9. EXCAVATION OF SHAFTS 

Description 

The methods used in excavating shafts are extremely diverse. 
They vary especially in relation to the nature of the terrain, 
the presence or absence of ground-water, the depth of the shaft, 
available equipment, etc. Nevertheless, they can be grouped in 
three categories: 

* 

* 
* 

Direct methods of shaft excavation (from above). 

Methods of chimney excavation (from below). 

Combined methods using a fore-shaft. 

Direct Methods of Shaft Excavation 

These methods include all shaft excavation in full section 
from top to bottom, with rubble being removed to surface by means 
of an extraction machine. Beyond a certain depth, the shaft must 
be so equipped to permit continued advancement. 

Excavation is generally accomplished manually or with the 
help of machinery in soils or explosives in rock. 

Shafts up to 2 m. in diameter can be bored with a trepan 
equipped with a cutting wheel. (For larger diameter shafts., the 
smaller diameter fore-shaft is reamed out to the required d.iamet2r.) 
It is also possible to proceed by coring with the help of a la:rge••· 
section coring machine (up to 3.50 m. in diameter) equipped with 
a device permitting cutting and removal of the coring whose weight 
reaches approximately one hundred tons. The machinery used in these 
two cases are, however, heavy and used only rarely; they are, in 
addition, extremely uncommon. 

In aquiferous formations, freezing is generally employed if 
the thickness of the aquifer is great (100-300 m.); if not, injection 
treatments are used (if possible). 
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Support is emplaced as excavation advances. Its importance 
is dependent on the nature of terrain. In particular, the 
terrain may require the placement of a concrete underlining, 
generally including some sort of waterproofing. The underlining 
is installed in sections of up to 20 or 30 m. 

Methods of Chimney. Excavation 

In these :methods one strives for the most effective 
possible use of gravity to assure rubble removal. These methods 
require the preliminary installation of a gallery at the foot of 
the shaft for access to the work-site and for removal of debris. 
They are suitable for excavation of vertical or sloping shafts 
(depending on the excavated material, a slope greater than 80-90% 
is necessary in order to assure gravity clearing of rubble; for 
less steep slopes, rubble must be removed by scraping or by 
hydraulic mucking. 

Current methods commonly use a mobile platform permitting 
transport of personnel and material into the chimney, also serving 
as a construction platform for the work crew. The platform is 
removed to the gallery below before blasting. Such devices may 
be used for shafts whose height does not exceed 300 m. They are 
suitable for the excavation of vertical or sloping shafts in good 
or very good terrain that does not require s-~pport. 'l'he excavated 
section generally falls between 2.5 and 10 m. 

Combined Methods Using a Fore-shaft 

These methods combine the advantages of the preceding 
methods: excavation of a fore-shaft from bottom to top, either 
by drilling or by mining (cf. above); the fore-shaft is then 
reamed out from top to bottom, with rubble being removed through 
the gallery below. If the fore-shaft is bored, several successive 
borings will generally be necessary in order to provide a fore­
shaft of sufficient diameter to permit passage of rubble without 
risk of blockage. 

While facilitating rubble removal, these methods also 
improve the rate of advancement for shafts of large cross-section, 
thus leading to substantial savings on mucking costs. 
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Domain of ApplicabilitY._ 

Methods of chimney excavation are applicable to good terrains 
that do not req_uire support and wh:i.ch present no ground-water 
problems. The practical limits are approximately 300 m. in height 
and 10 m2 in cross-section. 

The applicability of combined methods is q~ite similar, 
though they allow for larger cross-sections. 

When the fore-shaft is bored, mixed methods can be used in 
poor terrains, so long as the sta-bi1ity of the bore-hole is assured. 

In aq_uiferous formations or in poor terrain, only direct 
methods of shaft excavation are suitable, T'rl.ey may be combined 
with freezing or injections. They permit the placement of support 
and waterproofing, as well as the rapid em;::lacement of a lining. 

9.3 Precautions 

Shaft excavation methods generally lead to a superposition of 
different operations (excavation, support and possibly temporary 
lining, casting of permanent lining), thus necessitating special 
precautions in order to assure personnel safety. 

In methods which m.ake use of a bored fore•-shaft, deviatior:s 
in direction are ofte:1 a source of difficulties. These problems 
increase with depth. Particular attention should be directed to 
proper guidance of the boring operation. 

9.4 Performance 

Advancements in shafts are usualJ.y much smaller than in 
galleries. On the average, advancements in the range of 40-70 
m .. /month may be anticipated. Boring methods achieve higher rates 
(sometimes greater than 200 m./month) but they require heavy 
eq_uipment of a sort that is rarely used; in fact only a few are 
in existence. Y1oreover, they are suitable only fc.r srn.all cross-,. 
sections ( 2 to 3 m. in diameter) and cannot be ·:ised in all terr,I:r,s. 
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Appendix 10. GLOSSARY OF TERMS 

Length of tunnel excavated across entire 
cross-section in one day. See Appendix 1. 

Operation that consists of excavating terrain, 
either on working face or laterally, with or 
without explosives. 

Phenomena accompanying a modification in the 
natural stresses in the terrain adjacent to the 
excavation. In hard rock under heavy cover 
decompression may result in an 
spalling of rock from the tunnel facing. 

Special excavation and support procedure. 
See Appendix 5. 

Totality of operations required to remove 
terrain located within the profile of the 
projected tunnel. In a more general use, 
excavation can also include support erection. 

Supports driven into the terrain above the 
working face, thus forming a protective visor 
against terrain e until ribbing is 
erected. 

Bottom of tunnel between two sj_dewalls, consi 
either of the terrain traversed or of cast 
concrete. 

Concrete invert in the form of an inverted 
vault, the lowest point of which is located on 
the tunnel axis. 

Machine used for drilling shot-holes in working 
face. 

Used to protect tunnel gallery from rock falls 
and, as a temporary support, to limit terrain 
evolution. 
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Operation which consists of restraining the 
terrain adjacent to excavation. Lagging is 
usually of metal or concrete plates, more or 
less interlocking, that are wedged behind 
support ribs against terrain facing. 

Cross-sectional area bounded on inside by the 
theoretical profile of excavation and on the 
outside by the actual profile of the excavation. 
Generally the result of fracturation and shock 
caused by blasting. 

Loading and removal from the working face of 
terrain cleared by blasting. Sometimes refers 
to the rubble itself. 

Tunnel cross-section whose upper section is 
vaulted rather than rectangular. 

Semi-circular vaulted profile. 

Steel arches placed against tunnel facing to 
support terrain by means of 

Vertical portion of tunnel's cross-sectional 
profile, located between vault and foundation. 

Totality of arrangements insuring stability of 
excavation and safety of construction: bolts, 
ribbing, lagging, etc. Also :-efers to erection 
of these items. 
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Chapter l. PREFACE 

1.1 The lining of a tunnel is generally considered to be the 
element essential for its stability. In reality things are much 
less simple, and it is necessary to consider the surrounding 
terrain, the support, and the lining as a single complex of which 
the combined equilibrium assures the long life of the entire 
structure. It is in this sense that it can be said that, with 
tunnels, it is much less a question of making an underground struc­
ture than of "constructing'' a cavity. 

This remark stresses the fact that for underground structures, 
the behavior of the structure and that of the terrain are closely 
linked. Problems of support and lining are thus necessarily 
complex, and the methods of resolving them always uncertain and 
often empirical. 

The lining constitutes an important aspect of the tunnel 
engineering. For tunnels excavated using standard methods 
(excluding tunnels bored by machine), construction costs generally 
represent 40-90% of the total cost, depending on the circumstances. 
The lining constitutes approximately 30% of construction costs. 
Construction costs vary greatly depending on the geological 
conditions encountered. Lining costs vary similarly, usually 
representing 10-30% of the total cost for the tunnel. 

1.2 On a practical level, the geology of the terrain traversed, 
the methods of construction, dewatering, and waterproofing, all 
enter into the design of the tunnel lining. The principal risks 
to avoid are the following: 

* 

* 

* 

Structural instability during the temporary phases and after 
completion of construction. 

Superficial or deep disturbances (subsidence, disturbances in 
nearby structures). 

Cracking of lining once tunnel is in service (cracking affects 
watertightness, cleaning, and lighting). 
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To this end, consideration of the following points must be 
given priority: 

* 

* 

* 

* 
* 

Terrain pressures. 

Pressure from possible swelling of alterable rocks. 

Hydrostatic pressure. 

Possible loading by a nearby structure. 

Deformation of foundation. 

In more difficult cases, special model studies are useful 
for evaluating the distribution of stresses in the vault 
the successive phases of construction. 

Second, the current empiricism in the dimensioning and 
design of the lining demands extensive consultation with specialists 
haying the requisite experience. Moreover, the .......... .,.. .... n is 
directly related to the quality of both construction and concrete, 
It is therefore very important to provide for in monitoring 
of both construction and concrete. Such monitoring permits 
continued observation of the behavior of the terra:Ln, support, 
and lining, thus insuring prompt action to correct any problems 
that may appear. 
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Chapter 2. ROLE AND IMPORTANCE OF THE LINING 

2.1 Relation between Support and Lining 

The excavation of a gallery generally requires erecting 
supports, the extent of which varies depending on the nature of 
the terrain, the cross-section of the excavation, and the con­
struction method used. 

Support may not even be necessary in favorable conditions 
(machine-bored gallery in homogeneous, unfractured rock); in other 
cases support may include forepoling above the working face or 
perhaps the use of a driving shield in very poor terrain. 

* 

* 
* 

* 

The purpose of the support is: 

To guarantee the safety of personnel working in the gallery. 

To assure the stability of the excavation. 

By its rigidity, to limit the propagation to the surface of 
deformations caused by excavation, particularly in urban sites. 

To avoid an overly rapid deterioration of the strength of cer­
tain terrains by progressive deconsolidation or alteration, by 
assuring immediate protection for the excavation facing. 

The different methods of construction presently in use 
commonly lead to the use of supports of metal (bolts, metal ribbing, 
cast-iron arch-sections) or of concrete (cast concrete underlining 
with or without ribbing, reinforced concrete arch-sections). The 
supports are left in place and the permanent lining is cast over :Lt. 

The supports assure the stability of the gallery during con­
struction, but also play a part in the final stability of the tunnel 
along with the lining, which is applied to the intrados of the sup­
ports. It is clear, therefore, that planning of the supports (nature, 
extent, erection, durability) generally has a direct influence on the 
size of the stresses which the outer lining will have to withstand. 



2.2 

... 
160 

Role of the Lining 

The preponderance of considerations relative to the stability 
of the excavation, which have been stressed in order to Justify the 
necessity of an outer lining in traffic tunnels, should not be ta.ken 
to imply that these are the only factors involved: safety impera­
tives (protection against falling rocks), waterproofing; ventilation, 
lighting, aesthetic factors, which vary in importance according to 
the nature of the structure (traffic level, length, quality of the 
site, etc.) also figure in the decision. 

The role of the lining in assuring the stability of the 
structure varies according to the nature of the terrain and the 
construction method used. Nevertheless it is possible to distin­
guish the following principal cases: 

2.21 Tunnel Constructed in Soil 

The lining contributes actively in assuring the equilibrium 
of the terrain in the vicinity of the excavation. 

2.22 Tunnel in Soft or Alterable Rock 

These rocks have a variable makeup; in some cases they are com-· 
parable to soils, while in other cases they are comparable to hard 
rock. 

When they can be categorized as "squeezing rocks" (through· , ....,. 
development of a plastic zone, through swelling or through alter­
ation), the lining is acted on as if by a soil. Still, because of 
the depth of covering, which is generally much greater than that in 
the case of soils, and because the development of squeezing pressure.; 
is generally a slow phenomenon, the forces set at work are much 
greater and can compromise the security of the structure. A complet, 
lining (including the invert), often reinforced, is necessary. 

2.23 Tunnel in Hard Rock 

The lining is not generally subject to any major stresses. It 
essentially constitutes a protection against the possibility of rock ~ 

falls. Strengthening the more or less fractured zone around the 
excavation (the extent of this zone depends on the geological struc...,. 
ture, the depth of the covering, the method of excavation, which has 
already been stabilized by the supports, sets only rather limited • • 
stresses at work. 

It is possible in these cases, at least on certain routes of 
lesser importance, to replace the cast concrete lining with a less 
costly protective lining of shotcrete. 

•• 
• • 



Chapter 3. SHAPE AND DIMENSIONS OF THE LINING 

3,1 Factors Influencing the Establishment of Stresses in the Lining 

3.11 

The establishment of a particalar stress distribution in the 
lining is a complex phenomenon, involving numerous parameters that 
are related not only to the geology of the terrain, bnt also to the 
method of construction. 

Predicting the stress distribution in the lining is in fact 
a three-dimensional problem, into which time enters as a function 
of the rheological behavior of the terrain and the succession of 
the different phases of construction. 

It is possible, however, to distinguish the following major factors: 

* Load of the terrain on the lining. This pressure is quite 
variable, depending upon the nature of the terrain and on the 
construction method used, as was indicated above. 

* Swelling pressure caused by the alteration of certain rocks, 
such as anhydrite, marls, or swelling clays. 

* Hydrostatic pressure when the tunnel is situated below the 
water table. 

* The weight of the lining itself. 

* Possible loading induced by nearby structures. 

* Deformation of the lining resulting from deformation of the su::-­
rounding terrain, especially displacements of the footing in 
vaulted tunnels. These deformations are negligible in the e:ase 
of hard rock, though they can become important in alterable rock 
or soils (terrain types generally classified as poor to very poor). 

* Linear variations due to differential loading, concrete shrinkage, 
metal creep, and thermal variations. 

* Internal stresses occasioned by a thermal gradient across the 
thickness of the 
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3.12 Of all these factors, the weight of the lining itself and the 
hydrostatic pressure are the only ones that may be known with 
real precision. 

The most important are: 

* Terrain loading. 

* Possible swelling pressure from alterable rock. 

* Hydrostatic pressure. 

* Possible load induced by nearby structures. 

* Possible deformation of the lining footings. 

With the exception of the hydrostatic pressure, these factors 
are also the least well known. Yet the stability of the structure 
is dependent upon them. 

Linear variations are generally negligible compared to 
displacements of the lining footing (except in the very special 
case of a loaded vault on a rigid footing). 

The internal forces caused by a high thermal gradient 
across the thickness of the lining are very rare, but nevertheless 
worth pointing out. It need only be considered in the case of a 
structure under a heaVY covering, for which geothermal phenomena 
lead to a natural temperature of the rock which is substantially •­
higher than the interior temperature of the tunnel gallery (15 to 
20° C or more). 

A lowering of the ambient temperature in the tunnel, 
caused by the establishment of a current of natural cold air at 
the moment when the tunnel headings join, provokes a differential 
thermal contraction across the thickness of the lining which has 
already been constructed. This contraction can cause some serious 
cracking. 

These two phenomena, linear variations and thermal gradient, 
do not threaten the stability of the structure. They are rather 
expressed through the sudden appearance of cracks, which are the 
cause of major defects in the watertightness of the lining. 

3.2 Dimensioning and Design of the Lining 

The dimensioning of the lining (as well as of the supports) , ~ 
remains largely empirical. The essential difficulty lies in the 
choice of design hypotheses. Major factors such as terrain loading; 
possible swelling pressures, and possible deformation of the ·tunnel 
footings are not at all well understood. Also, in most cases the 
relative precision of the calculations must not be deceiving. 
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In any event, assessing the choice of suitable hypotheses at 
the beginning (for lack of being able to choose them with 
precision), dimension studies (calculations or model studies) are 
particularly useful with terrain types classified. from "very poor" 
to "difficult". These studies permit a determination of the mechanical 
behavior of the structure and) in the most favorable cases, they permit 
a determination of the order of' magnitude or upper limit of the 
stresses on the lining. 

Geological, hydrogeological and geotechnical studies lend 
a certain of precision to these hypotheses. Nevertheless, 
because the validity of these studies depends essentially on the 
choice of hypotheses, it will be prudent to consult a competent 
specialist. 

The calculations must take into account the main factors 
indicated above, which are: 

* Terrain loading 

* Deformability of footings 

and possibly: 

* Swelling pressure 

* Hydrostatic presssure 

* Loading induced by nearby structures 

The calculations must establish that the structure will be stable 
not only after completion, but also during the different phases of 
construction, which are often less favorable in this respect. 

As a general rule, by way of a safety factor, the contribution 
of the abandoned temporary supports (i.e., ribbing and lagging) is 
taken into account only insofar as its durability is guaranteed (e.g., 
by a concrete undervault, underlining, prefabricated sections). This 
rule leads to an important'but unknown increase in the safety co­
efficient. 

Proposed Lining Thicknesses 

In practice, a semi-circular vaulted lining with vertical 
sidewalls is suitable in most cases when no major problems are 
anticipated (weak loading, absence of swelling and hydrostatic 
pressure, etc.). In particular, this is the c,ase for rocks classi­
fied from "difficult" to "very good, 11 with the exception, however, 
of marls and anhydrites which can swell under certain conditions. 
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As a first approximation, the following lining thicknesses 
can be adopted: 

Type of terrain 

Very good 

Good 

Difficult 

Poor 

Thickness at the Keystone 

0.30 m. 

o.4o 

0.60 

0.80 

In very good terrain, this thickness of 30 cm is imposed 
by the traditional methods of concrete placement, although in 
theory a lesser thickness, or even none at all, is possible. 
For example, use of a slurry pump for the concrete requires a 
minimum thickness of 25 cm between the bottom side of the support 
and the forming for the intrados of the lining. 

These thicknesses are valid for cross-sections having an 
interior diameter of 10 m. For the same terrain but a different 
cross-section, the thicknesses should be multiplied in proportion 
to the diameters. 

For terrain classified as "poor 11 or "very poor", or when 
the hydrostatic head is considerable, adoption of a cross-section 
different from the typical profiles may be necessary: construction 
of a countervaulted invert that is possibly reinforced, circular 
profile, vault resting on abutments, etc. These solutions clearly 
deviate from the norm and must be the object of a special study 
by a competent specialist. 

Special structures of large cross-section (interior width 
greater than 15 m. or excavated section greater than 150 m2) will 
also require a special study. 
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Chapter 4. COt1POSITION OF LINING 

4.1 Materials Used and Constraints on Use 

4.11 

Depending on the terrain quality and the construction 
method, the materials most typically used in the construction 
of linings are: 

* Shotcrete. 

* Cast concrete. 

* Reinforced concrete, cast-in-place or in prefabricated sections. 

* Cast-iron (also in prefabricated sections). 

Roughstone masonry must be cited as a historical reminder, 
although in present construction it is practically never used. 
Reinforced concrete, less expensive and now of excellent quality, 
takes precedence over cast-iron in prefabricated sections. 

Linings constructed from prefabricated sections are used in 
conjunction with mechanized methods (cf. Section 2, Appendices 
3, 4, and 5). Their construction is generally easy, quick, and 
regular; under good conditions the quality of prefabricated 
products gives them excellent mechanical strength. Furthermore, 
watertightness can be guaranteed. On the other hand, the regular 
contour of the prefabricated sections leaves substantial cavities 
resulting from overbreak that must be very carefully packed by 
injections of a suitable grouting. 

Underground construction with reinforced conerete is 
encumbered by supporting struts, which complicates both the iron­
work and the proper placement of the concrete behind the forming. 
The use of cast-in-place reinforced concrete must remain an 
exception in underground construction, used only in crossing geo­
logical irregularities or for zones of very localized difficulty. 
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When used as an outer lining, shotcrete is generally 
reinforced by a metal mesh secured to the supports {most often by 
bolting). This reinforcement augments its mechanical strength and 
assures its continuity and its anchorage to the terrain. If it is 
applied in several successive layers, shotcrete can attain a total 
thickness of between 0.10 and 0.20 meters. As its essential function 
is to provide protection, its mechanical resistance is very low. 
It can only be used as an outer lining in terrain classified as 
"very good" or "good" having no hydrostatic head ( otherwise its lack 
of watertightness would not allow its use). 

Cast concrete is the most commonly used material. Its use, 
however, runs up against certain difficulties that are related to 
its placement in the tunnel. The mechanical resistance of the 
lining concrete is practically always sufficient. The disorders 
that appear are generally caused by tensile stresses. The judi­
cious use of some reinforcement would eliminate cracking, but 
at the price of a complication that is rarely justified by the 
increased stability of the structure (it is an altogether different 
matter with shearing stresses, which may require some reinforcement 
in order to handle these stresses). 

4.12 Casting difficulties generally lead to poor compaction of the lining 
concrete (and as a result, to a mediocre degree of watertightness). 
The major difficulties are: 

* Difficulties in placing concrete into the forms and inadequate 
filling behind ribbing. 

* Difficulties in using vibrator. 

* 

* 

* 

Inadequate filling around the keystone. 

Concrete shrinkage. 

Inadequate joining of the different sections of the lining. 

A proper concrete mix, suitable means of transporting and 
placing the concrete (not allowing any segregation), most especially, 
the smooth placement of the concrete in the forms under sufficient 
pressure will improve the quality of the lining. 

The concrete mix must also take into account any corrosive 
properties of the local ground-water, and perhaps the possibility 
of reusing the excavated rubble as aggregate. 

The mix should also limit shrinkage. 



4.2 Watertightness and Drainage 

4.3 

(See the section on Watertightness.) 

Decisions concerning Support and Lining during Construction 

The necessity of rapid response when difficulties arise is 
a particular characteristic of undergound construction. It is 
sometimes possible to stabilize limited terrain movement if 
appropriate measures are taken immediately. Moreover, construction 
safety requires constant vigilance. The decisions can often be 
facilitated by careful observation of the phenomena: evolution of 
surface subsidence, terrain movements at level of tunnel, deform­
ation of supports, cracking of lining, etc. 

When these observations indicate more extensive movement, 
immediate measures must be taken: reinforcement of supports, 
construction of concrete lining sections, possible halting of 
advancement, modification or change in construction method. These 
possibilities stress the importance of the observations that must 
be made while the construction is in progress and which allow an 
in situ evaluation of the actual behavior of the terrain. 

Decisions concerning the derive primarily from these 
observations. As a general rule, in soils, especially in urban 
sites, surface subsidence can be limited by the rapid construction 
and blocking of the lining. Under other conditions, the con­
clusions may be different, depending on the nature of the forces at 
work. Problems related to deferred forces (caused by 
alteration, or metal creep) are not well understood, and it is wise 
in this case to secure the advice of competent specialists. 

Quality control in the construction of the lining is important. 
It is necessary to exercise very careful control over the quality 
of the concrete placed in order to be able to act swiftly to 
correct any observed defects, especially in order to modify the 
composition of the concrete in order to obtain better placing char­
acteristics! Monitoring must focus not only on the quality, but also 
on the placing (complete filling behind the ribbing, at the 
quality of the curing, and especially the joining of the sidewalls 
to the vault when they'are constructed after completion of the 
vault). 
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Chapter 1. PREFACE 

Underground environments are rarely dry. 

Soils are frequently plagued by ground-water problems 
(phreatic water table, suspended aquifers) which may or may 
not be continually resupplied. 

In fact it is more common to encounter ground-water 
sources, which may be either localized (faults, fractures, 
karsts) or diffuse (generally supplied by infiltrating waters 
of meteoric origin which often follow a very complex pathway). 

The problems caused by ground-water are clearly quite 
diverse, depending especially on whether the water is under 
head, but it is possible to draw up a concise list of them. 

Ground-water Problems during Construction 

Sections 1 and 2 of this volume present detailed analyses 
of the construction procedures normallyused if ground-water is 
present (terrain treatments or driving shield for the construction 
below the water table; augmented support in the case of decomposed, 
evolving or growing rock subjected to diffuse ground-water infil­
tration; special treatments for localized ground-water intrusion 
under pressure at a fault). 

For clarification purposes, the consequences of encountering 
ground-water during construction can be summarized as follows: 

Subsidence or major modification of the mechanical characteristics 
of the surrounding terrain, regardless of its type. 

Necessity of resorting to special prodedures which are most often 
very costly or, in the more favorable cases, necessity of collect­
ing and draining water from the work site. 
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Necessity of considering the modifications in hydrological 
equilibrium engendered in the surrounding terrain by the 
excavation, and the consequences of these modifications (terrain 
consolidation, surface subsidence, possible slides at the 
tunnel portals depending on bedding planes, etc.). 

Ground-water Problems Once Tunnel is in Service 

The presence of water in highway tunnels presents problems 
of differing importance depending on the type of tunnel. As a 
general rule, however, it is not recommended to allow the infil­
tration of more ground-water than can normally be cleared by 
evaporation. 

A list can be made of the problems that result if ground­
water is allowed to accumulate; these problems take on a greater 
or lesser importance depending on the type of route, the geographic 
site, and the nature of the environment. 

Effect on the Life of the Structure 

* 

* 

The flow of water across the concrete lining can, through 
mechanical and chemical action, damage the vault. This 
phenomenon is still more pronounced in the event of freezing. 

Running water also leads to a deteriorization of the roadway 
if the flow is permanent and localized, and to corrosion of 
the equipment as well. 

Effect on the Safety of Tunnel Users 

With water running on the intrados of the lining, there will 
always be water on the roadway; this causes an increase in traffic 
difficulties. 

In the event of free'zing, the possibility that icicles on 
the ceiling might fall further increases the risk of accidents. 

If there is water in the ventilation ducts, they may become 
clogged with ice; there is in this case also the possibility of 
fogging. 

Effect on the Tunnel Appearance 

Water running on the inner surfaces of the tunnel results in 
the formation of permanent stains on the vault and walls, and to an 
accelerated rate of soiling, a factor which decreases both visibility 
and comfort. 
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Consequences for Project Design 

It follows from the preceding remarks that ground-water 
intrusion is always of prime importance in tunnels and must be 
given careful consideration. 

The method of waterproofing the tunnel must be at·least 
briefly considered during preliminary planning, as it affects: 

The geometric design of the tunnel (longitudinal profile facil-
itating the natural drainage, cross-sectional adapted to 
the risks of terrain pressures, dimensioning of drainage channels). 

The definition of the construction method: Construction under the 
water table, ground-water sources under head, terrain that evolves 
in the presence of water, etc. 

The definition of the structure: As is explained later, available 
waterproofing methods have an effect on the design and construction 
of the vault. 

Preliminary estimate of the construction costs of which waterproof­
ing represents an important aspect (several percent of the total 
tunnel cost). 

This document attempts to provide general information on the 
common waterproofing methods and their effects. Experience is 
still quite deficient in this area, so that only a few suggestions 
can be made; more definitive advice cannot be given at the present 
time. 
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Chapter 2. GENERAL PRINCIPLES 

As a preliminary to detailed information about water­
proofing methods currently being used and the resulting expenses, 
four essential principles should be articulated. 

2.1 Deficiencies in the Watertightness of the Vault Itself 

A tunnel vault is never, in itself, perfectly watertight. 
There are always weak points due to discontinuities (joints, 
cracks), deformations of the structure, or variations in the 
quality of the vault ( difficulty around keystone). It 
would therefore be a mistake, at the present state of 
development, to count too heavily on the watertightness of the 
vault itself. 

Generally speaking, the watertightness of a structure is de­
fined in terms of its weakest points, and special attention should 
be paid to construction joints in the vault. 

2.2 Diversity of the Problems 

2.3 

Watertightness problems rarely arise uniformly along the 
entire length of the structure. Rather: 

* Structure may intersect the water table or geological 
irregularities at several locations. 

* The formations encountered are never homogeneous. 

* The risks are not the same at every point along the length of 
the tunnel {ice or frost near the portals or in the ventilation 
ducts, obstruction of storm sewers at the low points, etc.). 

Diverse Requirements 

The aim may be to provide for the perfect watertightness of 
the tunnel, in which case it is a matter of thoroughly water­
proofing the entire length of the tunnel; or the aim may be only 
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to provide for the partial watertightness of the tunnel, in 
which case it is a matter of limiting infiltration. 

According to the chosen aim, different procedures will 
be in order. 

Three Principles of Waterproofing 

Generally speaking, three attitudes are possible with 
regard to ground-water intrusion: 

Acceleratin means of collection and removal 
(drainage of adjacent terrain, diversion gallery, etc .. 

The rate of ground-water flow is the important factor to 
be considered in dimensioning the drainage system. 

Construction of a barrier at one point along the path of the 
intruding ground-water that is absolutely or partially watertigh~ 
(layers of waterproofing) or concentration of ground-water head 
loss through a very short distance (e.g., lining, injections, etc.). 

Total hydrostatic pressure is therefore the major factor to 
consider in the choice and dimensioning of the cross-section, 
particularly the vault. 

Allowin unhindered round-water circulation but shelterin 
tunnel from it e.g., use of canopy . 

Because of the free-flow condition of ground-water around 
the tunnel, the dynamic pressure of the flowing water on the 
tunnel becomes the major factor. 

Depending on the ch~sen aims, whether it be one of the three 
attitudes mentioned above or a combination, very different measures 
will be taken. 
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Chapter 3. WATERPROOFING METHODS 

3.1 Dewatering 

As the term is understood here, "dewatering" does not 
refer to the temporary draining or lowering of the water table 
that may be effected during construction. 

Generally speaking, there are three different dewatering 
techniques: 

3.11 Pre-drainage 

Pre-drainage of the surrounding terrain is always obli5atory 
after excavation and in order to facilitate placement of the lining. 
It consists in tapping the major ground-water sources and channelling 
this ground-water into conduits running parallel to the tunnel. This 
drainage system is maintained after the completion of the tunnel, be­
coming part of the tunnel's system for ground-water control. 1 

Pre-drainage can be effected in various ways: 

* Ground-water intrusion localized in fissures is collected by 
means of flexible tubing buried in the concrete vault. 

* Major flows of ground-water (karsts, faults) are 
the tunnel by sealing and lateral channelling. 
cases, a diversion gallery may be required. 

3.12 Drainage after Placement of the Vault 

diverted around 
In very difficult 

Gutters can be provided along the inside of the lining at the 
transverse joints or along the largest cracks, either through con­
struction of a special gutter or through the use of a wire mesh that 
acts as a peripheral drain. The water thus collected is sent, as 
in pre-drainage, to a collector situated under the tunnel invert. 

1This assertion needs qualification, for the conduites often become 
obstructed over the course of time. 
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This hasty waterproofing method must be seen as a palliative. 
Experience shows that peripheral drains have a tendency to becoJt:f:' 
obstructed in time and that other fissures appear, often accornpa:1:i.ed 
by very unpredictable modifications in the paths of ground-water 
the surrounding terrain. 

3,13 Drainage "Canopies" 

3.131 This technique involves placing a self-supporting, impermeable 
ring along the intrados of the excavation (in the case of an unlined 
tunnel) or along the intrados of the vault (in the case of a lined 
tunnel), leaving a free space around its periphery. 

The ground-water flowing around the ring is collected at 
various points along the roadway in gutters and drains. 

3.132 Very many solutions are possible: 

* 

* 

In solid rock a simple canopy can fulfill this function. It 
must then be dimensioned so as to resist possible shocks 
(f~ling rocks, grazing by vehicles), and mechanical stresses 
(formation of ice between the canopy and the rock facing). 

In lined works, this system is generally used only on the tunnel 
sidewalls as it is possible to assure the watertightness of the 
vault by another method. Lining the sidewalls in this fashion 
serves other functions: soundproofing, aesthetics, support of 
ventilation ceilings, etc. 

3.2 Tunnel Lining 

3.21 Recommendations 

* Generally made of concr~te, tunnel linings should be designed 
and constructed so as to provide the best compaction available. 
Insofar as is possible, expansion joints should be equipped with 
flexible seals. 

* The addition of water repellants will increase the impermeability 
of the concrete. In any event, cracks, joints, and certain 
special areas (notably at the keystone or at the junction between 
the vault and the walls in the case of a two-phase process of 
concreting) constitute weak points in the lining, which will 
become preferred paths of ground-water infiltration. 

* In every case, the mix of the concrete used in the vault must 
take into account the corrosiveness of the ground-water (see 
Section 1). 
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3.22 Limits 

3.3 

3.31 

3.32 

3.33 

Weak points can be treated after construction either 
by use of gutters, as is indicated in 3.12, or by localized 
injection of waterproofing materials. 

The permanent evolution of terrain fissuration and the unpre­
dictable pathways of the ground-water lead us, however, to view 
these methods as provisional means, bettersuited for temporarily 
draining the vault (e.g., in order to permit installation of a 
layer of final waterproofing}. 

Injections 

In lined tunnels, injections of grouting (mixture of sand and 
cement) can be used to block the lining against the surrounding 
terrain, thereby distributing the stresses that are likely to 
develop in the lining. 

These injections are particularly useful in soils where 
localized forces and stresses are to be expected. 

In certain cases grouting can be complemented by sealing 
injections, e~fected under great pressure. 

Injections increase the head loss of ground-water flow in the 
vicinity of the tunnel, thereby reducing the volu;me of ground­
water infiltrating the gallery. In this manner injections play 
a role in waterproofing the tunnel. 

In less typical cases, when a reduction of ground-water flow is 
particularly necessary in order not to disturb the existing 
water table or when the surrounding terrain is likely to.:evolve 
as a result of ground-wate.;r circulation, it is possible to pro­
ceed with sealing injections of pure cement (containing resins, 
clay, etc.) in the terain itself, under high pressure (12 to 
20 bars}. 

As a general rule, however, the injections are not advisable 
as the sole means for waterproofing the tunnel. 

TheY have unpredictable effects and often lead to expenses 
that are difficult to anticipate, though they are generally 
substantial. 
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3,4 Layers of Waterproofing 

The final principle of waterproofing to be considered, and 
one which has not yet been tested much in France, cons:.st3 of 
attaching a layer of waterproofing material (which may or may not 
be totally impermeable) to the linin,g of the tunnel or to the exca-­
vation facing. 

There are typically four categories of products suitabie for 
application that should be mentioned: 

* 

* 

* 

Hard glazes, which are the only kind not to be intrinsically 
impermeable. 

Flexible pre~abricated sheets (PVC, butyl, rubber, metal foils} 
etc.). 

Synthetic products (resins, epoxy, poly-urethanes, polyesters, 
etc. ) . 

* Bituminous products in the form of prefabricated or multi-layered 
coverings. 

Depending on the desired results, the product used can be 
positioned at different points in the cross-section bounded by the 
surrounding terrain and the lining intrados (see figure bel.ow). 
The location of the waterproofing can be explained functionally. 

3. 41 Extrados Waterproofing 

3,411 The waterproofing is applied directly onto the surrounding terrain, 
or indirectly onto a layer of shotcrete or mortar projected onto 
the terrain in order partially to fill the overbreak, thus smoothing 
the surface to be treated. 

The lining of the tunnel, constructed soon after, provides 
resistance to hydraulic pressures. 

3.412 Well suited for this procedure are sprayed water-repellant 
coatings (with a thickness .of about 4 cm), sprayed polyesters 
reinforced with :fiberglass (0.3 cm), cir.flexible sheets tacked 
to the surrounding terrain. 1 In the special case of a tunnel lining 
made of prefabricated sections, other synthetic products can be pre­
applied to their extrados, accompanied by a complementary treatment 
of the se9tion joints, thus providing a continuous waterproofing. 

1Flexible sheets are, in fact, not recommended for use on geometrically 
irregular surfaces having hollows and bumps. A perfectly smooth surface 
is most desirable; this can be obtained by using a drilling machine, or 
in certain soft terrains that can be easily excavated (marls, chalks, clays). 
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Soils or fractured rock require metal ribbing, and, a fortiori, 
lagging as well. The aforementioned solution is not applicable, -
unless the ribbing and lagging are first covered with a thick layer 
of shotcrete. 

3.42 Intercalary Waterproofing 

3.421 The waterproofing material (0.15-0.30 cm. thick) is applied onto 
the first ring (cast concrete, prefabricated sections, etc.) that 
strengthens the excavation facing. 

A second, interior ring that is placed at a later time (re­
inforced or non-reinforced concrete) has a thickness of at least 
25 cm., and provides resistance to hydrostatic pressure. 

In this case, the waterproofing product should be chosen 
during preliminary design, for it affects the design of the vault. 

3.422 It is with this procedure that use of flexible sheets, multiple 
layers, and polyester resin coatings is most preferable. The 
easier control of the quality of the support surface (the intrados 
of the first ring) permits a continuous attachment that will 
hold at least until the second ring is cast. 

3.423 This procedure is seemingly the safest since it does not require 
that the layer of waterproofing be permanently attached. In fact 
there are two disadvantages: 

* Difficulties in repairing the waterproofing in the event that 
it is torn during construction of the seocnd, inner lining. 

* Higher cost resulting from waterproofing itself as well as 
the second ring of lining. 

As a result, this procedure is used only on tunnels subjected 
to high ground-water pressure; use of this procedure is almost 
always accompanied by a lining for the tunnel walls as well. 

3.43 Intrados Waterproofing 

3.431 Once the tunnel lining is in place, the waterproofing material is 
applied to the lining intrados. It can be (but does not have to be) 
protected from the tunnel interior by means of a sprayed coating. 
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3.432 Well suited to this procedure are coatings {about 4 cm. in thickness) 
and synthetic products (2 cm.), usually reinforced by mesh or 
fiberglass. With this type of waterproofing, it is the w~terproofing 
material itself which must withstand any hydrostatic pressure, 
without interior mechanical support. Use of this procedure is as 
a result restricted to tunnels where the hydrostatic pressure is 
rather wea.k,1 where there is not risk of ice formation, ·and where 
equipment installations in the tunnel can be treated using a sealing 
technique that assumes the integrity of the waterproofing layer.2 

With this technique it is wise to provide a sufficient number 
of expansion joints in the lining, since the waterproofing material 
is applied to the lining and may be compromised by any cracking 
(fran shrinkage or deformation) in the lining. 

1In general, 1-2 bars can be considered as a maximal limit not to be 
exceeded. 

2There now exist resins which provide waterproof sealing. 
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Chapter 4. CHOICE OF WATERPROOFING METHOD 

Given both the great differences of method and the very 
limited experience with waterproofing treatments, the choice of 
a procedure is difficult. Each tunnel is in fact experimental 
at the present time. 

In every case, while construction is in progress, it is 
advisable to proceed with the pre-drainage as described above. 
In the choice of the waterproofing method itself, it is necessary 
to .consider the type of structure, the nature of the ground-water 
sources, and the construction method employed. 

Relatively Unimportant Tunnels 

The minor mountain tunnels that carry a relatively small 
flow of traffic can probably be treated with the simplest of 
procedures. Water must not be permitted to run on the roadway; 
otherwise, the roadway will deteriorate very quickly, also consti­
tuting a driving hazard during cold weather. The entire roadway 
must be protected from falling icicles. 

Bearing in mind the (typical) absence of a concrete lining, 
the following methods are most appropriate: 

* Canopy drainage for heavy ground-water flows. 

* Waterproof coating attached to a shotcrete 11pre-vault" if 
there is only a very slight fissuring of the rock. 

* Still, when there is a m~jor risk of ice, coupled with signif­
icant ground-water intrusion, it may be necessary to line the 
tunnel with an extrados or intercalary waterproofing material. 

4.2 Moderately Important Tunnels 

In tunnels of moderate importance in open country or in 
cities, one or another of the systems described in the preceding 
pages can be utilized. 
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These are the essential parameters of the choice: 

* The nature and strength of the ground-water sources. 

* The type of equipment to be installed in the tunnel (which 
determines in part the choice of an intrados method). 

Major Tunnels 

Superhighway and urban tunnels with a heavy flow of traffic 
must provide high levels of comfort and safety. Because of the 
presence of much equipment in the tunnel, intrados water-proofing 
should be used only with the greatest caution, because of the 
great amount of sealing that will be necessary. Only short tunnels 
that do not require a ventilation ceiling can, as a rule, adopt 
this system satisfactorily. 

* For tunnels under the water table, subjected to high heads 
(higher than about 20 meters), intercalary waterproofing is 
generally advisable. In the event that the construction 
method involves prior treatment of the land, extrados water­
proofing can be considered. 

* In the case of weak heads or in 
water sources, one can consider 
with a tunnel sidewall lining. 
ularly attractive when acoustic 
walls is desirable. 

terrain with very diffuse ground­
extrados waterproofing combined 
This possibility can be partic­
or aesthetic treatment of the 

* In the case of very weak ground-water sources (without the risk 
of ice), it is possible simply to block the lining well by 
grouting injections, followed by superficial treatment of joints 
and cracks. 
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Chapter 1. PREFACE 

There is no major reason why tunnel roadways should be 
differentiated, in their overall design, from other roadways. 
Nonetheless, certain variables take on special importance here. 

1.1 Longevity 

1.11 Repair of tunnel roadways involves many more constraints than 
repair of open roadway. Tunnels are essentially conceived as 
passages across natural obstacles that are otherwise either 
difficult or impossible to circumvent. 

1.12 Because the possibilities of reinforcing the roadway are limited 
by the vertical clearance of the tunnel, it is understandable that 
roadway longevity is an essent~al design objective. 

1.2 

1.21 

1.22 

A long life span is all the more difficult to assure, 
because of the generally stricter channelling of the traffic 
(especially heavy trucks), thus accentuating the fatigue of the 
lining and roadbed. 

Importance of Drainage 

Though tunnel roadways are usually protected from running water, 
they are situated in environments having permanently higher levels 
of humidity coupled with major risks of ground-water intrusion 
through the tunnel lining. Complete drainage of surface water 
and protection against ground-water intrusion from the bottom and 
sides of the excavation is therefore imperative. 

When the tunnel vault has not been waterproofed, the constant dripping 
of water, localized in areas several dozen centimeters in diameter, 
has a rapid destructive effect. Beginning with the traveled 
surface, this water very quickly attacks the entire roadbed. 
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Other Necessary Qualities 

The quest for mechanical excellence should not sberifice 
either the appearance or superficial roughness of the paved sucJ 

It is wise to choose a roadway of the lightest possible color, as 
this will result in major savings (15-40%) in lighting costs and 
operating expenses. This choice also results in superior visibility 
and comfort. Of course, a comparative analysis of the costs for 
various available road surfaces should be undertaken in every case. 

Road surfaces are most slippery when wet. This might seem to be a 
minor problem in tunnels; however, since the tunnel roadway is not 
cleaned by rain, slippery materials and dust collect on them. The 
condensation common in tunnels is then likely to cause the 
to bec.ome slippery or covered with frost. 

Finally, the motorist is led by the invariably poorer 
atmosphere and visibility to brake more sharply in tunnels than 
on open highway, thereby increasing the risk of skidding. 

For these different reasons, the road surface should have 
and maintain a sufficient geometric roughness (Class C in the 
pamphlet of June 11, 1969 on slippery roads, or a sand depth of 
between 0.4 and 0.8 mm). 

In the vicinity of the tunnel portals, of course, the problems with 
slippery road surfaces are analogous to those arising on open high­
ways; this occurs either from the natural penetration of rain water, 
or when water is brought into the tunnel by vehicles. These problems 
are further aggravated when lighting conditions are such as to 
momentarily blind the motorist. 

When there is a particularly great risk of frost, special 
precautions should be taken at the entrances to the tunnel, e .. g. , 
the use of a very rough road surface having sharp, uneven ridges, 
or perhaps the installation of a system for heating the roadway. 
It should be noted, however, that the devices proposed here have 
not actually been proven effective. 

1At present there are relatively little data on the savings in lighting 
costs to be expected from a lighter road surface. For the moment, 
therefore, it is safe to count on a savings of about 25% over a 
typical black-top surface when using a cement concrete or a specially 
treated road surface. 
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1.4 General Design Conditions :for Tunnel Roadway 

1.41 Except near the portals, tunnel roadways are not subject to high 
thermal gradients, which is a doubly favorable :factor: 

1.42 

1.43 

* For greater long-term resistance o:f dark pavements, notably, 
to grooving by heavy tra:ffic. 

* For the non-cracking o:f the treated roadbed. 

The working conditions for tunnel roadway construction are different 
from those for open highway: 

* More favorable meteorological conditions. 

* Special construction difficulties (long transport distances for 
materials, difficulties in eliminating water and mud from the 
tunnel floor, vertical clearance restricts use of equipment, 
difficulties occasioned 0y limited lateral clearances, etc.). 

As a result of these conditions: 

* Tunnel roadways will have to be designed more conservatively 
relative to similar open-air roadways.I Due to the high cost of 
excavation, the over-design is preferably achieved by using 
treated materials. 

* The road surface should preferably be light in color, either 
by using a cement concrete slab or by using a bituminous concrete 
with light-colored synthetic aggregate. 

Of course, these rules will be too rigid for short tunnels, 
isolated structures, or when there is a very little truck traffic. 
In these instances, the rules should be adapted to the circumstances 
at hand, depending on available materials and equipment, and 
especially on the kind of Toadway planned for the tunnel approaches. 

1The reduction o:f vertical clearances resulting from repaving is anti­
cipated to be very slight (5 cm). This allows for renovation of the 
road surface, but not for its reinforcement. 
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Chapter 2. ROADWAY CONSTRUCTION 

2.1 General Information 

2.11 .Tunnel roadways can be grouped into four different types depending 
on the characteristics of the roadbed: 

* Type 1: Roadways built on a concrete slab (which generally 
covers ventilation galleries) which are related to the 
roadways across viaducts, bridges, and related structures. 

* Type 2: Roadways built on rock. 

* Type 3: Roadways built on soil or alterable rock. 

* Type 4: Roadways built on countervaulted inverts. 

2.12 Special attention should be paid to the theoretical basis of this 
classification: 

* Within a single tunnel, it is possible to encounter types 2, 
3, and even 4, depending on the quality of the terrain traversed. 
If possible, a single roadway cross-section, suitable for the 
zone presenting the greatest problem, should be adopted for the 
entire length of the tunnel, unless a cost analysis establishes 
the profitability of u~ing several different cross-sections. 
Of course, in the event several sections are adopted, it is the 
thickness of the roadbed that will be modified from one section 
to the next; the composition of the roadbed and the road surface 
itself should remain the same through each section. 

* It may be necessary to compromise between types 2 and 3, depending 
on the quality of the rock, its condition, or its alterability, 
and on the a.mount of ground-water intrusion. 

Finally, it must be remembered that the provision for the 
removal of ground-water cannot be dissociated from the roadway: the 
related design and construction cannot be mediocre (see draw~ngs below). 
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In every case, the vertical clearance is designed with an added 
5 cm. in order to allow for later repaving of the roadwey. 

Roadways Built on a Concrete Slab 

This type of roadwey differs from others that are· currently 
in use in tunnels, as there are no particular problems associated 
with making the slab-road surface interface impermeable. 

2.21 By wey of illustration, let us consider several cross-sections of 
roadway on concrete slab: 

2.22 

2.3 

* 7 cm. of bituminous concrete 0/10. 

* 3.5 cm. of asphalt poured onto 5 cm. of bituminous concrete. 

* two layers of poured asphalt (3.5 cm. each). 

* bituminous or improved tar-like concrete. 

etc. 

It is important, however, to try to use light-colored aggregate 
in the bituminous concrete. The aggregate can be of natural rock 
supplemented with artificial granules. Considering the fragility 
of certain kinds of light-colored aggregate, and their higher cost, 
it is advisable to limit the proportion used. We must point out 
that as of the date of publication of this document, experience 
with the utilization of light-colored aggregate on very heavily 
travelled roads is rather limited; more detailed study of the 
proper proportions is needed. 

Roadway Built on Solid Rock 

By "solid rock" we mean a hard rock which will not alter 
over the life of the tunnel. 

2.31 Preparation of the Roadbed 

The roadbed should be as smooth as possible. 

If the rock is very solid and non-alterable and ground-water 
intrusion minor and localized, it is not necessary to provide a 
slope for the roadbed different from that of the road surface, so 
long as infiltrating ground-water is properly collected by transverse 
gutters that connect with the lateral drains. 
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In most cases, it is advisable to plan for a transverse slope 
of about 4% toward the gutter. The lateral drains should be 
sufficiently deep to produce a general reduction in interstitial 
pressure in the adjacent terrain. 

2.32 Roadway Cross-sections 

2.4 

* For black-top surfaces, one chooses the cross-section specified 
in the structures manual of the Central Laboratory of Bridges 
and Highways corresponding to the highest terrain category and 
the heaviest traffic category. 

By way of example, and taking into account the information 
contained in this catalog when the Tunnel Manual was being written, 
two types of roadway cross-sections can be cited: 

* 8 cm. of topping, an average thickness of 25 cm. of milky gravel, 
and possibly 20 cm. of untreated gravel. 

* 14 cm. of topping, an average thickness of 20 cm. of cement 
gravel, and possibly 20 cm. of untreated gravel. 

In these examples, the thicknesses of the layers in contact 
with the rock are calculated on the assumpion that the roadbed 
is suitably leveled, or more precisely, that points of rock penetrate 
no more than 10 cm. into the body of the roadway. 

* For a concrete topping, one should plan for a slab 15 cm. thick 
on a foundation 15 cm. of milky gravel. 

Roadway Built on Soil. or :Alterable Rock 

The roadbed should be given a slope of 4% toward the drains. 
Infiltrating ground-water should be properly collected: this may 
require deepening of the lateral drains. 

2.42 Roadway Cross-sections 

The structures manual of the Central Laboratory of Bridges 
and Highways provides a basis for choosing the sbil classification 
of the terrain (taking into account the remarks contained in 2.12) 
as well as the·traffic category (which should be conservative). It 
is usually advisable to design for the heaviest traffic category 
cited in the manual. 

Working from this hypothesis, and taking into account the 
information contained in the structures manual when the Tunnel 
Manual was being written, the following examples of roadway cross­
sections can qe cited: 
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* For Sl soils (very poor quality) 

- 8 cm. of topping, 25 cm. of milky gravel (base-layer quality), 
and 25 cm. of milky gravel ( foundation-layer quality). 

- 8 cm. of topping, 25 cm. of milky gravel, and 30 cm, of milky 
sand. 

- 14 cm. of topping, 30 cm. of cement gravel, and 40 cm. of gravel. 

* For S2 soils (poor quality) 

- 8 cm. of topping, 20 cm. of milky gravel (base-layer quality), 
and 20 cm. of milky gravel (foundation-layer quality). 

- 8 cm. of topping, 20 cm. of milkY gravel, and 25 cm. of milky 
sand. 

- 14 cm. of topping, 30 cm. of cement gravel, and 25 cm. of gravel. 

* For S3 soils (moderate) 

- 8 cm. of topping, 20 cm. of milky gravel (base-layer quality), 
and 15 cm. of milky gravel (foundation-layer quality). 

- 8 cm. of topping, 20 cm. of milkY gravel, and 20 cm. of milky 
sand. 

- 14 cm. of topping, 20 cm. of cement gravel, and 20 cm. of gravel. 

Roadways Built on Countervaulted Inverts 

A countervaulted invert is necessary in the following cases: 

* Risk of hydrostatic under-pressure or swelling of the surrounding 
terrain. 

* Risk of instability of the sidewalls, during and after construction • 

. 2. 51 Drainage 

The watertightness of the entire structure must be assured. 

The lateral drai~s bordering the roadway assure drainage of 
water on the road surface; they are made entirely of impermeable 
concrete. 

2.52 Roadway Cross-sections 

The countervaulted invert must be filled with self-draining 
materials. Roadways constructed on inverts correspond to those tor 
an S2 category soil. 
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In most cases, it is advisable to plan for a transverse slope 
of about 4% toward the gutter. The lateral drains should be 
sufficiently deep'to produce a general reduction in interstitial 
pressure in the adjacent terrain. 

2.32 Roadway Cross-sections 

* For black-top surfaces, one chooses the cross-section specified 
in the structures manual of the Central Laboratory of Bridges 
and Highways corresponding to the highest terrain category and 
the heaviest traffic cate~ory. 

By way of example, and taking into account the information 
contained in this -catalog when the Tunnel Manual was beihg written, 
two types of roadway c.ross-sections can be cited: 

* 8 cm. of topping, an average thickness of 25 cm. of milky gravel, 
and possibly 20 cm. of untreated gravel. 

* 14 cm. of topping, an average thickness of 20 cm. of cement 
gravel, and possibly 20 cm. of untreat€d gravel. 

In these examples, the thicknesses of the layers in contact 
with the rock are calculated on the assumpion that the roadbed 
is suitably leveled, or more precisely, that points of rock penetrate 
no more than 10 cm. into the body of the roadway. 

* For a concrete topping, one should plan for a slab 15 cm. thick 
on a foundation 15 cm. of milky gravel. 

2.4 ·Roadway Built on Soil or Alterable Rock 

The roadbed should be•given a slope of 4% toward the drains. 
Infiltrating ground-water should be properly collected: this may 
require deepening of the lateral drains. 

2.42 Roadway Cross-sections 

The structures manual of the Central Laboratory of Bridges 
and Highways provides a basis for -choosing the soil· classification 
of the terrain (taking into account the remarks contained in 2.12) 
as well, as the traffic category ( which should be conservati.ve). It 
is usualiy advisable to design for the heaviest traffic category 
cited in the manual. 

Working from this hypothesis, and taking into account the 
information contained in the structures manual when the Tunnel 
Manual w~s being.written, the fo+lowing,examples of roadway cross-
sections, can be cited: · · 
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* For 81 soils (very poor quality} 

- 8 cm. of topping, 25 cm. of milky gravel (baqe-layer quality), 
and 25 cm. of milky gravel (foundation•layer quality). 

- 8 cm. of topping, 25 cm. of milky gravel, and 30 cm, of milky 
sand. 

- 14 cm. of topping, 30 cm. of cement gravel, and 40 cm. of gravel. 

* For S2 soils (poor quality) 

- 8 cm. of topping, 20 cm. of milky gravel (base-layer quality), 
and 20 cm. of milky gravel (foundation~layer quality). 

- 8 cm. of topping, 20 cm. of milky gravel, and 25 cm, of milky 
sand. 

- 14 cm. of topping, 30 cm. of cement gravel, and 25 cm. of gravel. 

* For S3 soils (moderate) 

- 8 cm. of topping, 20 cm. of milky gravel (base-layer quality), 
and 15 cm. of milky gravel ( foundation-layer quality). 

- 8 cm. of topping, 20 cm. of milky gravel, and 20 cm. of milky 
sand. 

- 14 cm. of topping, 20 cm. of cement gravel, and 20 cm. of gravel. 

2.5 Roadways Built on Countervaulted Inverts 

A countervaulted invert is necessary in the following cases: 

* Risk of hydrostatic under-pressure or swelling of the surrounding 
terrain. 

' * Risk of instability of the sidewalls, during and after construction • 

. 2. 51 Drainage 

The watertightness of the entire structure must be assured • 

. The lateral drains bordering the roadway assure drainage of 
water on the road surface; they are made entirely of impermeable 
concrete. 

2.52 Roadway Cross-sections 

The countervaulted invert must be filled with sell-draining 
materials. Roadways constructed on inverts correspond to those for 
an S2 category soil. 
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Drainage 

The purpose of the drainage is to collect and remove: 

* The water circulating around the lining extrados ( see pre-drainage, 
section 4). 

* Water condensation from the lining intrados, which is eventually 
channelled into trenches (see waterproofing, section 4). 

* Water on the roadway resulting, for example, from ·veshir.g -the 
tunnel. 

* Water under the roadway (removal of this water constitutes the 
drainage of the roadway). 

The excavated bottom of the roadway must be treated in order to 
prevent any accumulation of water; in general, a minimum transverse 
slope of 4% is required; irregularities in the excavated bottom 
where water might accumulate are then linked together by transverse 
gutters. 

The water is channelled into a drain having a permeable upper part, 
which must be located below the level of the lower side of the 
roadway bottom. It must be possible to clean this drain. Man-holes 
are positioned approximately every 50 m., and at every change of 
direction. These man-holes should not, if possible, be located in 
one of the traffic lanes. Rather, they can be located: 

* Under an emergency stopping lane (which are 1-2 m. wide). 

* Under sidewalks that are sufficiently wide (75 cm. minimum). 

A single drain is usually sufficient (see cress-section la and 2). 

However, in the following cases a drain on each side of the 
roadway may be required: 

* If the superelevation of the roadway changes direction somewhere 
along the length of the tunnel. 

* If the vertical clearance imposition of a center crown. 

* If the terrain is especially poor and there is significant level 
of ground-water intrusion. 
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Chapter 3. DELINEATION OF THE TRAFFIC LANES 

The accumulation of deposits of soot or mud occasioned by 
the lack of systematic washing of tunnel roadways by rain necess­
itates a clear delineation of the traffic lanes. 

The motorists should be able to distinguish the traffic lanes 
from the shoulders on each side that are not normally used for 
traffic circulation. The distinction should in all circumstances 
be either visual or tactile. 

It is equally important that the prefabricated curbing guide 
the motorists unambiguously. 

3.1 Differentiation of the Shoulders 

3.11 After Usage 

The wear and tear caused by vehicular traffic usually lightens 
black-topped roadways, by uncovering the lighter-colored aggregate. 
Thus, after sufficient usage, the traffic lanes and the shoulders 
for emergency stopping become clearly distinguishable. 

3.12 When the Tunnel is First Opened to Service 

Given the paving difficulties in tunnels, it is not advisable 
to introduce different techniques of road fabrication (e.g., traffic 
lanes in black and shoulders in white concrete, or of different 
aggregates) • 

However, if the width of the tunnel requires that the road 
surface be paved in three passes, it may be possible to call for 
two wide passes spanning the traffic lanes and a third, narrower 
pass (using different aggregate) on the shoulder. Of course, to 
be profitable, the tunnel must be sufficiently long. 

As a general rule, the traffickable road surface should be 
delineated using the following methods: 
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* Different superficial treatment of the traffic lanes and the 
shoulder (varied striping, painting of the shoulders). 

* Special divisor between traffic lanes and shoulder (prefabricated 
adhering strips, reflectorized studs that are raised very slightly, 
placed at intervals, etc.). 

Curbing 

In order to protect the tunnel walls and the apparatus 
installed in the tunnel, it may be necessary to install curbing 
along the edge of the roadway that will serve as a visual and 
tactile guide for the motorists. 

In order to limit the "wall effect" that they might engender 
low curbs (about 0.12 m. high), which are prefabricated, beveled, 
and have perceptible grooves on their inclined surface, should be 
used. 

This curbing is painted white, and must also include re­
flectorized studs. 
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Foreword. 

Within the context def in.ed by the summary document 
which ought to be read first, the present document·1s com­
posed of three sections which treat the ventilation, lightir..g, 
and utilization of highway tunnels. 

The foreword of the summary document and introductions 
to each section of the present document indicate the precise 
content and objectives of each. 

In order to clarify the studies discussed in Chapter J 
of the summary document, it is necessary to make two impor­
tant remarks: 

First, ventilation sometimes presents difficult civil 
en~ineerin..g problems (installation of large subterranean 
stations, excavation of shafts and adits, etc.). Because 
of the necessity of added excavation for air ducts and the 
installation of adits, ventilation sometimes becomes a 
co-r.trolling engineering consideration. 

Second, if at tlie time of preliminary design lighting 
requirements are considered only in terms of their costs, 
then it must be recognized that proper design and location 
of tunnels can lead to substantial savings on ventilation 
and utilization costs. 

It is necessary, then, that the planner bear in mind 
from the outset of project planning the constraints imposed 
by the proposed equipment, and that furthermore he take into 
consideration throughout the design phase the future utiliza­
tion of the tunnel. 

To this end, a complete first reading of this document 
is highly recommended. This will allow a grasp of the posed 
problems, permitti~.g consideration of those problems which 
will determine the general design of the tunnel. 
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•Chapter 1. Introduction 

1.1 Highway tunnels constitute a point of singular impor­
tance for the motorist. Whether it be a quest-ion of 
the quality of the air, the restriction of lateral 
clearances, or the severe environmental changes, the 
comfort and safety of the motorist, and therefore the 
viability of the tunnel itself, is always at stake. 

The present document offers both general and 
specific information on the ventilation of tunnels 
which can help insure their viability. 

This document furnishes engineers with the 
elements for undertaking the often necessary feasi­
bility studies. 

1.2 Three essential points should be learned from this 
section: 

* Ventilation is a fundamental element of tunnel 
design. 

* Ventilation design for a tunnel must take into 
consideration from the very beginning: 

traffic (flows, speeds, truck traffic, etc.) 
- environment (rural or urban site) and tunnel 

approaches 
- geometry of tunnel (longitudinal and transverse 

profiles). 
These factors are often important in tunnel design. 

* The multiplicity of design parameters confer on each 
tunnel its own special character. For this reason 
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the present document can in no way replace the specific 
sutdies which will be necessary in each case. 

1.3 Ventilation design parameters are evolutionary in 
character: one can assume that while vehicular emis­
sions will decrease in the future, demands for comfort 
and safety will increase. Consequently, the present 
recommendations are only provisional. Nevertheless, 
given the present state of the art, they should permit 
the engineer to undertake tunnel design fully cognizant 
of the pertinent design requirements. 



1.4 For greater clarity, the general considerations that 
are indispensable for preliminary design of the ventila­
tion system or a tunnel have been assembled in the 
following chapters. More detailed considerations and 
sample designs are presented in the annexes. 
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Q_hapter 2. General Considerations 

2.1 Vehicular Emissions 

2.11 carbol'.!_.~ono~)des and Smoke 

Because they are vented to the exterior only at their 
extremities, highway tunnels experience disagreeable 
-- often dangerous -- accumulations of vehicular 
emissions. 

Among the~ components of these emissions, 
carbon monoxides and smoke are usually singled out 
as representative. These two emissions vary in 
proportion depending upon the type of vehicle. 

* Carbon monoxide constitutes a significant propor­
tion l2-B%) of-the exhaust gases from a ~soline 
engine. Because of its toxic effects on living 
organisms, carbon monoxide levels must be strictly 
limited in all circumstances. 

* The smokes discharged from diesel. engin~ redu!e 
visibility and cause serious nasal irritation. 
High levels of smoke constitute a safety hazard 
as well as an obstacle to good maintenance 
service. Smokes must for these reasons also be 
limited to reasonable levels. 

2.12 Irl.f'lueTlee of Traffic Conditions 

The foregoing remarks emphasize the fact that the 
composition of exhaust gases varies greatly with 
traffic conditions. The most unfavorable conditions 
are the following: 

* Congested traffic with irregular stop-and-go 
progression, averagir.ig about 10 km/h. Such a 
situation could be due to: 
- a lack of smooth flow into the tunnel 
- a breakdown or accident in the tunnel 
- a nearly congested traffic flow. 

------
1These smoke emissions depend upon engine load. They are 
particularly significant when starting the engine or when 
the engine is operating in excess of 80% of its maximum 
load. When carburators are not well adjusted, smoke will 
be emitted even under light loadings of the engine. 
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* A steep frre in the tunnel (vehicular emissions 
rise rap d y with steepening grade). 

As a consequence, this suggests that to the 
fullest extent possible, projected traffic and access 
conditions should be taken into consideration in 
ventilation design. One should attempt to insure: 

* Good design of the longitudinal profile (level 
or slight grade) as well as of the tra~~verse 
profile of the tunnel. 

* Good design of the tunnel approaches, and above 
all a smooth transition between tunnel and its 
approaches. 

* ~ood traffic control in tunnel and on approaches. 

2 .13 Geperal :principle of Ventilation 

The technique presently used for controllir1g vehicular 
emissions consists in diluting the tunnel atmosphere 
through the continual introduction of fresh air, thus 
maintaining an admissible level of air quality. This 
level takes into account the combined effects of carbon 
monoxide, smoke, and various other pollutants. 

2.2 Factors influencir,gVentilation Design 

From the very outset of the project ventilation design 
requires a close coordination of geometrical, technical, 
and financial studies. 

2.21 Influences on Project Conception 
• 

Provisions for tunnel ventilation exert a strong influence 
on project conception. Experience shows that failure to 
consider ventilation requirements from the outset often 
creates serious difficulties which greatly increase 
construction costs, in some cases to the point of 
renderinF- completion of the project impossible. 

The followir.g factors are strongly influenced 
by ventilation requirements: 

* Layout of the approaches, positioning of the inter­
changes, arid, in a general way, the traffic.flow 
characteristics. on the tunnel approaches. (Ventila­
tion requirements have in turn a direct influence 
on tunnel geometry and costs.) 
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* The lopgi~}ldinal profile of the tunnel and its 
approaches •. 

* The transverse section of the tunnel and, more 
generally, on the fact that the design must very 
often reserve, in addition to the space allotted 
to vehicular traffic, sufficient space for the 
transmission of air necessary for replenishment. 
These ventilation galleries increase the trans­
verse section of the tunnel. 

This factor is particularly important in 
the case of long tunnels or urban tunnels where 
space limitations or expropriation problems can 
become serious. 

* Finally, the y_~ntilat~on system_ itself sometimes 
presents serious difficulties. For example, problems 
associated with locating: 
- shafts or subterranean stations, which require 

careful studies for the intakes and for geological 
and hydrogeological conditions above the tunnel 

- surface stations at tunnel entrances 
- stations in an urban setting that present special 

environmental difficulties (noise, vibration, etc.). 

These difficulties may require relocation of the 
tunnel, perhaps leading to a new traffic pattern in the 
tunnel or on its approaches. In certain unusual cases, 
it may even result in a su~stantial reduction in the 
tunnel's traffic capacity. 

2.22 Vent.)lation Bgui~ment 

For technical and economic reasons,J as well as the 
need to keep the tunnel in service, 4 it is generally 
noj;_p~_ssible, once the tunnel is_put into service, to 
effect major ~p~irs or_ modifications in the tunnel. 

2·1'his would be the case, for example, for a very long tunnel 
where it is impossible to construct intermediary ventilation 
stations. A limitation in the tunnel 1 s traffic capacity would 
thereby be required, as traffic capacity is determined by 
ventilation capability. 

3The subsequent excavation of intermediary ventilation shafts 
runs the risk of damaging the tunnel; in such cases careful 
study and experimentation will be required. 

4Tunnels are most often points of obligatory passage, such 
that traffic cannot be easily rerouted. 
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2.23 

* The initial ventilation design must, therefore, be 
adequate for projected levels of traffic usage in 
the future. 

14 

* The later modification of equipment (ventiiators, 
motors, etc.) is much easier. Powever this presupposes 
that the galleries, shafts, and ventilation stations 
have been designed to accommodate such a substantial 
increase in air flows. 

Influences on Tunnel Utilization --•--------------•--•M~-• 

After being placed in service, ventilation will involve 
costs for maintenance, energy, and equipment replace­
ment amounting to about 3-10% of the total operating 
cost for the tunnel. 

These considerations require that a cost-opti­
mization 1,tudy be conducted at the time of preliminary 
design, as soon as the general options are known. This 
analysis should include: 

* construction costs 

* equipment replacement or modification costs 
(See Table of Content and Cost.Document} 

* operating costs (See Cost Document}. 

------



Chapter 3. Description of Ventilation Systems 

3.1 Natural.Verttilation 

3 .11 · Ventilation is termed natural when there is a longi­
tudinal displacement of the air in the tunnel caused by: 

* Either a difference of air pressure between the 
two tunnel entrances, due to meteorological effects 
(atmospheric disturbances, temperature and hygro­
metric differentials resulting from different 
exposures, etc.). · 

* Or as a consequence of traffic flow, where vehicles 
are moving at a constant speed am where traffic 
flow is predominantly in one direction. In one-way 
tunnels this effect is particularly noticeable. 

3.12 These two effects can exist separately or together. 
Experience shows, however, that: 

* The first effect (pressure differential between 
entrances) 1s generally ~ery irregular and unstable, 
even though it may be very significant at certain 
even in tunnels several kilometers in length. This 
is because the movement of atmospheric disturbances 
tend first to annul and then reverse the direction 
of flow. These reversals can last several hours 
because of the very small pressure difference and 
the inertia of the movir.g air. The longitudinal 
air velocities are, as a consequence, very low, 
and the tunnel atmosphere is practically stagnant. 

* The second effect (the piston effect of vehicles 
moving through the tunnel) is sufficient only in 
short tunnels where the traffic flow remains smooth. 

3.13 As will be seen later on, the fresh-air replenishment 
requirements for tunnels can range from 60-280 mJ/s 
per kilometer-lane. 

In the following cases, ventilation needs can be 
satisfied by one o~ the other of the cited effeots:5 

5These remarks are quite general. Many factors related to 
the surrounding topography, climatic conditions, and traffic 
characteristics may necessitate some type of artificial 
ventilation. 
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* One-way tunnels where there is no risk of congestion: 
- up to 500-600 m. in length, where roadway is at 

ground level at tunnel entrances. 
- up to 300-400 m. in length, where roadway enters 

tunnel through a cut. 

* For urban tunnels with high traffic flows and risk 
of congestion, the critical limit may be as low as 
150-200 m. in length. 

J.2 Longitudinal Ventilation 

J.21 D§s-9ription of System 

In oases where the natural air currents prove to be 
insufficient or ind.ependable, a longitudinal ventila­
tion can be provided which will art·iricially accelerate 
the air current passing through the tunnel. 

The air circulates in a single direction from 
one end of the tunnel to the other. 

Systems which draw air from each end of the 
tunnel toward the center, and then exhaust t.his air 
through a centrally located shaft, are completely 
unacceptable. 

Techniques used in longitudinal ventilation 
involve: 

* Either il')jector.§_ located in a short duct at the 
tunnel mouths which inject air into the tunnel 
at high velocity (30 m/s). (See Figure 1.) 

According to site conditions and traffic, only one 
mouth of the tunnel may have to be so equipped. 

lfigure 1. Longitudinal Ventilation 
Using Injectors 
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* Or accelerators spaced the length of the tunnel, 
hung on the ceiling or above the pedestrian way 
in such a manner as to be clear of vehicles. In 
general, the ventilators should be reversible so 
that in the event of two-way traffic, the direction 
of forced ventilation would never oppose that which 
would be naturally set up. 

Figure 2. Longitudinal Ventilation 
Using Accelerators 
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J.22 Adva~tages, ~n_g~ni~nces, and_Limitations of Syste~ 

These devices are ve~.!J.!flple and do not require special 
ventilation ducts in the tunnel mid-section. The entry 
injector usually requires construction of a small 
buildi~.g, along with the design of a special connecting 
duct. Accelerators are simply hung on the ceiling at a 
spacing greater than 60 m. (this spacing is necessary 
in order to insure a uniform ventilation between accelera-
tors). 

The cost of these systems is on the order of 
2-8~ of the total cost of the tunnel. 

Their use is, however, limited: 

* Injectors are limited by a maximum injection velocity 
of 25-30 m/s; higher velocities cause discomfort to 
tunnel users. 

* Accelerators are limited by the minimal spacing of 
60 m. They can only be used in long tunnels having 
very light traffic or in short tunnels (several 
hundred meters long) having heavier traffic. 



J.3 Semi-Transversal Ventilatio~ 

3.31 ~cri:E.Pion of the System 

The fresh air required for tunnel ventilation is oro­
vided to the entire length of the tunnel by means-of 
a special ventilation duct. Fresh air is introduced 
at regular intervals into the traffic gallery. The 
polluted air escapes through the tunnel mouths. 

This system insures a uniform and constant 
dilution of the air in the tunnel; at each point 
along the length of the tunnel, the densities of 
pollutant and dilutant are always equal. 

* In the case of mined tunnels (Figure 3), the fresh­
air duct is generally located at the roof of the 
tunnel, separated from the traffic area by a false 
ceiling. Fresh air is injected directly into the 
traffic gallery by openings in the ceiling spaced 
from 1-10 m. 

Figure J. 'Semi-Transversal Ventilation 

* In tunnels of rectangular cross-section (e.g., cut­
and-cover tunnels), fresh-air ducts are generally 
located on one side. These ducts are constructed 
by means of a simple enlargement of the cut. (See 
Figure 4.) 

The air flow in the ducts is maintain~ by 
use of accelerators installed at the ventilation 
stations and connected to the atmosphere by shafts. 
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Figure 4. Semi-Transversal Ventilation 

* In mined or submerged tunnels, ventilation stations 
are usually located at the tunnel entrances. When 
the cover is slight, the advantages of intermediary 
supply shafts should be investigated. 

-

* In rectangular-section tunnels, which are often 
located close to the surface, stations can be placed 
along the length of the tunnel. The multiplication 
of stations decreases the required number of duct 
sections of the tunnel; however it boosts the tunnel's 
costs by requiring an enlargened cut and the installa­
tion of more ventilation stations. 

J.32 Advantages and. Inconveniences of the System 

This system is more complex than the longitudinal 

19 

system, but it is also superior. It requires internal 
accommodation of the tunnel structure. During preliminary 
design, the system should be the object of a careful study 
-- simultaneous with the choice of tull?lel layout and 
transverse section. 

* Installation of the longitudinal air ducts and 
connecting adits requires either a duct or a 
false ceiling. The design of the transverse 
section must be carefully studied. (It is parti­
cularly important to bear in mind the difficulties 
encountered in locating ventilation stations in 
urban areas. See Annex?.) 

* It is also necessary to provide space for the 
required electrical machinery, which is more bulky 
and expensive than in the preceding system. 



* The cost of this system of ventilation is variable, 
depending upon whether or not it is necessary to 
enlargen the tunnel cross-section. On the average, 
the system will cost around 15-30% of the total cost 
of the project. 

J.4 Transversal Ventilation 

J.41 Description of the System 

Transversal ventilation is distinguished from semi­
transversal ventilation by the addition within the 
tunnel of a duct for the collection of polluted air. 
The design must accommodate a flow of polluted air 
equal to that of the fresh-air flow. The dilution 
of the pollutants and the evacuation of polluted 
and diluted air takes place, in principle, across 
a transverse section. 

In fact, a longitudinal circulation is super­
imposed upon the transverse circulation. This is 
due to meteorological conditions and the circulation 
of traffic predominantly in one direction. 

* In mined tunnels, the polluted-air duct is located 
in the tunnel vault above a false ceiling. 

The fresh-air duct can, depending upon the 
transverse section, be situated below the- roadway 
(Figure 5) or in the false ceiling (Figure 6). 
In the latter case one must insure the integrity 
of the partition separating the two ducts. 

-- - ~'i paiiue 

a 
,,·~ 

Figure;. Transversal Ventilation 
(Circular Cross-section) 
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. Figure 6. Transversal Ventilation 
(Horseshoe-shaped Cross-section) 

* In tunnels of rectangular cross-section, the duets 
are located on the tunnel sides. The polluted-air 
intakes are spaced evenly along the length of the 
tunnel, always as high as possible in the traffic 
gallery. (Figure?.) 
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Figure 7. Transversal Ventilation 
(Rectangular Cross-section) 
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J.42 Advantages and Inconvenienc.es of th~_System 

This is the most complete system siric.e dilution , c-"1di­
tions cannot be affected by exterior conditions. 
Accommodation of ducts does, however, impose serious 
design requirements on the transverse section. 

As with the semi-transversal system, it is 
necessary to pay attention from the very beginning. 
of project platmi'ng"to the location of the ventilation 
stations, and, in urban areas, to the d:ischarge·points 
for polluted air. Location of intermediary stations 
li_:nked to atmosphere by shafts or adits must be equally 
well studied from the outset. 

The cost of this system can be estimated to run 
about 25-50% of the total project costs, according to 
ventilation demands (tunnel length, volume and composi­
tion of traffic, etc.). 

3.5 Mixed VentilatJon Systems 

The systems described above can be .combined in such a 
way as to minimize costs while still meeting ventilation 
requirements for the tunnel. · 

Nevertheless, attention must be drawn to the complexity 
of the problem under consideration; the foregoing remarks 
can be accorded only an illustrative value. Each parti­
cular case will require design by a competent specialist. 

3.51 It is necessary to mention the p_seudo-transversal 
systemi in which fresh air is introduced along the 
entil"'e.length of the tunnel, but where the removal 
of polluted air is only partial. 

.. Such a system is satisfactory up to a certain 
point {Cf. Chapter 5). An intermediary system between 
the transversal and semi-transversal systems, it is 
in wide use because it permits substantial savings 
over the former while it affords a. better a.ir quality 
than the latter. 

3.52 Other systems are possible, but this is a question for 
the specialists. In all cases, the introduction of 
fresh air is definitely favored over systems whi~h 
only remove polluted air. 
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Chapter 4. Ventilation Design 

4.1 Fresh-air Beplenishment F,!,9~ 

4.11 Givens 

The determination of fresh-air flows necessary for 
the ventilation of a tunnel is based upon a thorough 
and systematic analysis of two (2) categories of data: 

4.111 Traffic data 

* Volume and direction of traffic flow 

* Fluidity of traffic flow on approaches; risk and 
frequency of cor.gestion in the tunnel. 

* Composition of traffic(% heavy trucks,% diesels, 
peak hours, etc.). 

* Traffic speed in different lanes. 

4.112 Layout data 

* Lo!U!;itudinal profile and altitude of the tunnel. 

* Longitudinal profile of the approaches. 

* Transverse section of tunnel (possibility of 
emergency parking -- See ~ayout Document). 

* Presence of other tunnels on the same route, 
immediately above or below. 

4.113 The remarks offered in the present chapter concern 
traffic, grade_, altitude, and percentage of heavy_ 
trucks. These conditions are summarized in the 
following table. For all other conditions, refer 
to Annex 1 for the necessary correction coeffici~nts. 
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Table 1. Domain of Applicability for Data 
Presented in this Chapter 

-,.rature of One-way Two-way 
Traffic Traffic Traffic 

(two lanes) (single lane each 

Base Flow 1700 veh/hr-lane 2000 veh/hr for 2 
and 

Speed 55 km/hr .55 km/hr 

24 

way) 

lanes 

Congestion 2000 veh/hr-lane 3000 veh/hr for 2 lanes 
Threshold 

0 and H 
Jr.. Speed 40 km/hr 40 km/hr 
rx:.. 
<C 
~ Total 1000 veh/hr-lane 2000 veh/hr for 2 lanes 8 

Congestion 
and 

10 km/hr6 Speed 10 km/hr 

Maximum trumber of 90 150 
Diesels/hr-lane (average/lane) (average/lane) 

Grade Between -0.,5( and 0.5% 

Altitude Less than 400 meters 

4.12 Air Flows to be Consider~d 

Within the above-i~icated limits, we will ad.opt the 
levels of pollution indicated in the following table. 
These levels are based upon carbon monoxide levels, 
but they also take into account smoke and other types 
of pollutants. 

6This is an average speed; the traffic movement is actually 
a very irregular stop-and-go type of progression. 

?pollution levels measured in ppm= parts per million of co. 



Type of Rural Urban Urban City City Country 
Tunnel Expressway Expressway Expressway Street Street Highway 

Traffic One-way Two-way 
Direction (two lanes) (one lane each way) 

'lature of !'-~ormally Sometimes l,!ormal ly cf3 Sometimes normally· Mormally 
Traffic Uncongested Congested Congeste Congested Congested Uncongested 

(usually (usually 
not) not) 

[130 ppm) Uncongested 75 ppm 45 ppm 45 ppm 30 ppm 11so ppm 1 
(base flow) 

Threshold of Not I 250 ppm) 11so ppm r f250 ppmJ [iso ppml Not 
Congestion permitted permitted 

(400 ppm) (700 ppm) 

~equired 
60 ~resh-ai5 100 175 280 175 280 

Flows (m /s) 

Table 2. Pollution Levels and Required Fresh-air Flows 
(based on assumptions set forth in Table 1). 

8one understands here a recurrent rush-hour congestion 
which takes place daily. 

N 
V1 
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The pollution levels enclosed in boxes are those 
that determine ventilation design and dictate the figures 
in the last row which represent the necessary replenish­
ment flows of fresh air. The ventilation system must be 
designed, then, to provide these fresh-air flows. 

Situations of total congestion in rural tunnels 
have been excluded, as this oan occur only as-a result 
of a .breakdown or accident in a poorly designed tunnel 
during a rush-hour period. But even with such a poorly 
designed cross-section, appropriate tunnel management 
should permit its avoidance (See Section 3). 

In urban tunnels, on the other hand, these_ 
situatiofl..S must be envisaged. Although uncommon 
occurrences, they constitute a serious problem, since 
no management technique will permit the clearing of 
the. systematic congestion of the tunnel resulting 
daily during rush hours. · · · 

It goes without saying that these remarks should 
be u_sed in preliminary design only. Detailed studies 
required at a later stage in the design process should 
be con:iucted by the competent Agency. 

4.2 Air Speed in Ducts 

There
9

1s no theoretically well-defined limit on air 
speed in ventilation ducts, but because the electric 
power requirements grow roughly as the square of the 
speed for a given flow, orie is led to limit.air speed 
to levels less than 30 m/s. 

Each increase in maximum speed is accompanied by 
a corresponding decrease in the transverse section 
required for the duct~. In other words, with higher 
air speeds the excavated section 1s smaller. 

Thus there is reason to effect a cost-analysis on 
the trade-off between: 

, 

* The marginal cost reductions,, _on the one hand, which 
result from the reduced excavated sections of the 
tunnel and, the connecting shafts and ad.its 

* The corresponding increased costs, on the other, which 
result from costs for the more'powerful equipment as 
well as for the increased energy consumption. _ 

9,Afe are considering the speed of air :entering t"hE;? d1stributi_on 
ducts, whether it be fresh or pollut'ed' -- that 1s to say, in 
the immediate vicinity of the ventilators. · 



There is no general law in this matter; the results 
of the cost analysis depend upon the relative weight of 
construction expenses, necessary air flows, and various 
other related expenses -- all of which will vary from 
one project to the next. 

In practice, for preliminary design purposes, a 
maximum speed of between 15 and 25 m/s should be adopted, 
as experience indicates this to be the optimal range. 

Ir certain projects where there will be future 
expansion, the air speeds for the initial project will 
be lower in order that more powerful equipment can be 
installed later, thus allowing for increased ventilation 
for a reasonable price should it become necessary. 

4. J Duct Le:ngths (Fresh or Polluted). 
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~-!hen a duct transmits air without intervening distribution, 
for example in feeding a distant ventilation section, one 
can plan for lengths of several kilometers. The only 
obstacle will be the necessarily powerful ver.tilators 
and other related equipment, including, for example, the 
intake shafts connecting the subterranean ventilation 
stations to the surface. 

When a duct serves both for transmission and distri­
bution of air, the length of the duct is limited to 2 km; 
longer runs risk serious problems with the uniformity of 
distribution and regions of weak supply. 

4.4 Transverse Section and Shape of Ducts 

4.41 Transverse Section -

Generally speaking, one trys to use the available 
portions of the tunnel cross-section, out of the path 
of traffic, for the passage of the air ducts. 

* In mined tunnels having a vaulted profile (horseshoe­
shaped profile), the available cross-sectional area 
is located in the top of the vault or perhaps under 
the roadway. 

* In tunnels of rectangular cross-section, it is 
necessary to provide for an enlarged cross-section, 
either laterally or vertically in order to accommodate 
the ventilation ducts. 



In general, ducts are designed with constant 
cross-sectional area. Air speed in the duct thus 
decreases linearly along the duct as air is distributed 
into the tunnel (or grows linearly in the case of 
withdrawl of polluted air from the tunnel). -The 
required cross-sectional area for the duct is the 
quotient of the required air flow divided by the 
chosen air speed. 

4.42 Shape of Ducts 

Insofar as is possible, ducts should be designed with 
maximum hydraulic diameter. In practice, it is suffi­
cient to avoid forms with sharp angles or shapes which 
are very elo~.gated. 
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Cha.,pter .5. __ _Q_ho!_ce of Ventilation System 

5.1 Preliminary Rules 

5.11 Safet_y_ 

Although tunnel fires have until now been relatively 
rare, the possibility has such serious consequences 
that it merits special attention. 

, .. n,en the risk of fire is particularly great 
(very heavy traffic, impossibility of prohibiting 
heavy trucks carrying i~.flammables, etc.) or when 
the corsequenees of a fire are particularly serious 
(presence of mar..y users, a very long tunnel, etc.), 
it is necessary to observe the following rules: 

* A capability for withdrawl of polluted air 
least 80 m3/s per l km of tunnel length is 
This withdrawl must be from the top of the 
above the traffic area. 

of at 
necessary. 
tunnel, 

* An artifical replenishment of fresh air from the 
lower part of the tunnel cross-section is also 
mandatory. 

These requirements penalize longitudinal and 
semi-transversal systems in these situations. This 
general rule 'will permit of exceptionst on permission 
of proper Agency, in cases where specific tunnel 
utilization procedures will insure user safety. 

5.12 Level of Service and Comfort 

The circulation of polluted air in the traffic gallery, 
such as is encountered in longitudinal, semi-transversal, 
and pseudo-transversal systems, can have two undesirable 
effects on the tunnel's comfort and level of service. 

* In the first place, it can lead to serious physical 
irritation for users exnosed to an overly violent 
flow of this polluted alr. 

As a result, air speed in the tunnel is.limited 
to about 10 m/s in oases where the traffic circulation 
is two-way or where the tunnel is open to cyclists or 
pedestrians. 



* The circulation of polluted air can as w~ll have 
an undesirable effect on visibility in the tunnel, 
by permitting the accumulation of smoke from an 
unusually high concentration of trailer trucks. 

5.2 Choice Factors 

There are four categories of parameters which should 
in principle insure the proper choice of the most 
appropriate ventilation system. 

This determination cannot be systematic, inasmuch 
as these different parameters can assume a relative 
importance which differs significantly from case to 
case. 

5.21 Route category 

This first factor effectively determines the choice of 
the maximum tunnel length for the different ventilation 
systems. The various systems vary greatly in cost and 
quality of service. It is necessary to adapt the 
ventilation'acoording to: 

* the site {urban, country, mountain, etc.). 
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* the nature of the route (expressway, secondary road, etc.). 

* the number of users affected by the project. 

The required levels of safety and comfort are also 
influenced by these different factors. It is necessary, 
for example, that an urban expressway not be less safe 
and comfortable than a rural expressway. 

5.22 Traffic 

This second factor effectively determines the choice of 
fresh-air flows, as indicated in 4.12. There are three 
traffic-related parameters which must be taken into 
account: 

* Volume of traffic (See Table 1.). 

* Fluidity of traffic flow. This depends upon the 
continuity between approaches and tunnel. In cases 
where traffic flow is not fluid, the necessary volume 
of air required to ventilate the tunnel is considerably 
increased. 1◊ 

lOit is necessary to take into account here all of the temporary 
situations, such as lack of fluidity, that can be expected in 
theevent the tunnel-will be put into service in successive stages 
before overall completion of the tunnel and its approaches. 
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* C9ngestion frequencl. On frequently congested routes, 
notably in urban areas, a design of greater capacity 
will be required. 

5.23 Environment 

The third factor (congestion frequency) may lead either 
to the choice of a different system or to a modification 
of the initial system. Environmental factors influence 
the design of urban tunnels. in essentially two ways: 

* The presence of dwellings always poses delicate 
problems for the location of ventilation stations 
(See Annex 7). 

* Urban tunnels must very often conform to rigorous 
constraints on layout, both vertically and laterally. 
The difficulties in enlargi:ri..g the cross-section can, 
in these cases, lead to a limitation of the cross­
sectional area available for the ventilation ducts 
or to a subdividing of the ventilation system, !~us 
multiplying the number of ventilation stations. 

5.24 Costs 

The overall costs for total ventilation fall within 
the following ra~ges:12 

Ven~iJation sistem ~ of Total Cost for Tunne113 

Longitudinal 2-8 
Semi-Transversal 15-30 
Pseudo-Transversal 20-40 
Transversal 25-50 

11By way of example, an urban expressway tunnel of four lanes 
each way, 1 km long, requires a fresh-air flow of about 1400 
m3/s. This requires for the fresh-air supply alone: the 
setting aside of a significant cross-sectional area for the 
transmission and distribution of air in the tunnel; the allo­
cation of about 350 m2 at ground level for the air intakes; 
and the allocation of substantial space along the length of 
the tunnel for the subterranean ventilation stations. 

12Because construction costs vary greatly, these figures 
are only approximate. 

13These figures indicate the total cost of the ventilation, 
including structural work, enlarging the cross-section, etc. 



It is important that the quality of service be 
adequate for the predicted traffic flows both at the 
time the tunnel is first put into service as well as 
for the foreseeable future. 

The savings to be achieved by a progres•sive 
upgrading of ventilation equipment, proportional to 
the increasing use of the tu:nnel, is not as significant 
as might first be believed. It should be remembered 
that all installation work that can disrupt traffic 
flow through the tunnel should be effected before 
the tunnel is put into operation. t!otably, all -
interior structural work should be done initially, 
so that it will not require subsequent modification. 

The only savings which can be effected by a 
system of progressive modification involve machinery 
and the possible addition of supplementary stations 
which, if carefully located, can in certain cases 
permit a substantial augmentation of ventilation 
capacity without affecting either the safety or 
traffic flow in the tunnel. The procedures and means 
for effecting such modifications must in every case 
be the object of a thorough study before the first 
phases of construction. 

5.3 Choice of Ventilation System 

5.31 General Character of the Systems 

* Longitudinal ventilation systems (natural or 
artificial): 
- best accommodated to one-way traffic. 

practical for long tunnels where traffic is 
smooth. 

- in urban locations, these systems are fe~sible 
only in tunnels of much shorter length.14 

* Pseudo-transversal and transversal systems are 
required in situations where the tunnel le~.gths 
are quite long or where the risk of congestion 
and heavy usage are significant (namely, in urban 
areas). 

* Semi-transversal systems are employed in situations 
falling between these two extremes. 

14For urban tunnels where a ventilation system of the longi­
tudinal type is envisaged, it is necessary to consult the 
appropriate Agencies. 
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5.32 Choice of Syste~ 

As a general rule, the parameters given below in 
Table 3 are used in determining the proper system. 
The results of this calculation should be regarded 
as approximate; nevertheless, they constitute a 
framework for the further study and design which 
will be necessary in every case. 
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It should be remembered that the use of this 
table must be accomplished within the limits prescribed 
by Table 1. For all other conditions, refer to Annex 1. 



Type of Route 

Rural 
Expressway 

City 
Expressway 

City 
Expressway 

City 
Street 

City 
Street 

Bural 
Highwat 

Traffic Character Ventilation System and Applicable Lengths (m.) Direction of Flow 
Longitud. Semi-Trans. Pseudo-Trans. 

{nat'l/art.) and Trans. 

one-way normally 0-1800 1,500-2800 2.500 I up uncongested 

one-way occasionally 0-700 .500-1800 1000 & up co:rigested 

one-way regularly 
congested 

0-250 200-800 600 & up two-way regularly 
, congested 

two-way occasionally 0-500 400-1200 800 & up 
congested 

two-way normally 
uncongested 0-1500 1200-3000 2500 & up 

Table J. Choice of Ventilation Sys~~ 

w 
,i:.. 
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ANNEXES. 
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Annex 1. Design of Ventilation System 

1.1 Calculation of F~sh-air Flo~s 

1.11 Base Flows 

The theoretically required flows of fresh air, already 
discussed in 4.12 above, are recalled in the following 
table. Their determination is based upon results for 
tunnels already in service. 

Type of Tunnel Traffic Fresh-air Flows 
per kilometer 
of traffic lane 

(m3/s) 

rural normally 100 
expressway uncongested 

One-waY.: city occasionally 175 
expressway congested 

normally 2801 
congested 

city street occasionally 175 
congested 

' 
normally 2801 

Two-way congested 
-"--·" 

rural highway normally 60 
uncongested 

1nesign should be undertaken in this situation only after 
it has been determined that there is no feasible solution 
for avoiding this systematic congestion. 
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1.12 Correction Coefficients 

The flows indicated in the foregoing table are, it was 
pointed out, subject to the limitations indicated in 
4.112 (Table 1). For different grades, altitude, and 
number of diesels, it is necessary to apply the following 
correction coefficients: 

1) Grade coefficient 

l
. Coelfiunt t:!9 ma:oml11n Correction factor for 

1.50 d~s ~e~ts- d~ir_ f~i~ - - - £r_esh:a_i~ !!O__:i - - ~ 
I I 

~::r· ---- -- -- -- ----.- -.. ---- -- ~ -- -
, - -·---------, I , 1 

' I . . ' 

11.75 r- -. , . 

I : Grade 
I ... 

2 0 2 4. %. Oecli,iui 

2) Altitude coefficient 

r .. ,, . .; ....... ; ....... Correction factor for 
des debits d' air frais fresh-air flow 

3,00 - - - - - - .,..,. - - - - - - - -, 
I 

2.511 ------ - ----------

!,00 

1,50 

1.00 
400 1000 1500 2000 2500m. Altitude 



J) Coefficient for the number of diesels 

Coefficient de majoration 
des debits d' air trais 

Correction factor for 
fresh-air flow 

Z,00 __ - - - - - - - - - - -

I 
I 
I 
I 
I 

Number ot heavy 
trucks/lane-hour 

I 

1,00 i..i'...----,-----C..---------------4--:--::--
·go 150 JOO 500 Norniire 1ie 

;:oi'.l~ ltlurds 

1.2 De~ign of Ventilation Circuits 

Generally speaking, once the required fresh-air flows 
have been determined, the sequence of design is as 
follows: 2 

* Choice of ventilation system (See Table J). 

* Determination of required number of ventilation 
stations and sections. 

* Design of ventilation circuits. 

* Definition of equipment and materiel. 

* Cost study. 

The circuit design, effected for each ventilator 
in the system, permits a calculation of: 

* the power requirements for the whole system. 

* estimated costs of the project. 

Although it has been purposely simplified, the 
present model should in the majority of cases permit 
reasonably accurate design of the ventilation circuits. 

2we are not considering longitudinal systems here. 
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1.21 Definition of the Circuit 

The following schema represents a theoretical circuit 
for the intake of fresh air and its subsequent trans­
mission through a duct to the tunnel for dist·ribution. 
The same schema (reversed) is applicable to the collec­
tion and exhaust of polluted air. 

Four subsections of the circuit, numbered 1 - 4 
from right to left, have been distinguished for later 
reference: 

Air frais ( fresh air) 

... 
i 

I· L3 I 
•1 

I 

I 
I 

3 

Fresh-air Transmission 
Intake Duct 

(or Polluted 
air Exhaust) 

. 
sin , 

ventilator 
and 

Singularities 

i 

45"U 

Raineau mDndaire 

Secondary 
branch 

Rameau principal 
principal 

brano.h 

Distribution 
Ducts 

NOTA: For reasons of simplicity we have assumed that 
air speed Sis constant in the different trans­
mission ducts. 



1.22 Definition of Parameters 

* Geometrical parameters of the circuit 

L = length (m.) 

S = cross-sectional area (m.2) 

D = hydraulic diameter (m~) 
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(D = 4S/p, where p = perimeter of cross-section) 

* Aerodlna~ic parameters of the circuit 

Q = ventilator flow (m3/s) 

V =airspeed in ducts= Q/S (m/s) 

=airspeed in transmission duct 

=airspeed at entry to distribution 
duct; generally 15-25 m/s. 

H = total pressure in pascals (1 mm of water= 9.81 
pascals) 

P = power in kW= 2B. x 10-3 (where n = 0.7 -- a 
n 

coefficient which takes into account the 
efficiency of motors and ventilators) 

1.23 Calculation of Total Pressure 

The total pressure H that must be furnished by the 
ventilator is equal to the sum of the losses H1 , H2 , 
H3, and H4 of the fQur subsections of the circuit. 

H = H1 + H2 + H.3 + H4 

In cases where the circuit has several branches, 
as in the above diagram {or in the cases where one 
ventilator supplies two separate duct systems), the 
calculation of H should be made for the branch that 
1s most heavily loaded. 

* Calculation of H1 : losses in the distribution 
duct. 

H1 ~ 33.5 X 10-4 ~l v1
2 + 160 

D1 

(The coeff1eient 33.5 x 10-4 holds for sea level; 
it is accurate to within 10% at 1000 meters.) 



* Calculation of H2: 

H2 = ki V12 

losses due to singularities 
(elbows, transitions, etc.) 

using the following values for the parameter k1 : 

k1 Designation 

k1 (90°-elbow) 

k2 (45°-elbow) 

k3 (partition) 

k4 (transition) 

160 

80 

120 

60 

Coefficients are for sea level; they are accurate 
to within 10% at 1000 meters. 

* Calculation of H3: losses in transmission duct 

Again coefficient is for seal level; accurate to 
within 10 % at 1000 meters. 

* Calculation of H11-: losses in intake or exhaust, 
including noise abatements 

H4 = 200 pascals 

41 



Annex 2. Sample Design for a Semi-Transversal System 

2.1 Tunnel Characteristics 

The assumed conditions are the following: 

2.11 Type of Route 

City expressway with four lanes in eaoh direction. 

2.12 Traffic 

* Heavy traffic expected from date the tunnel is put 
into service, particularly during morning and 
evening rush-hours. · 

* Approaches to and from tunnel normally uncongested 
except during peak rush-hours. 

* Heavy truok traffic less than 150/lane-hour. 

2.13 Geometry 

• 
i 

I 
120 

* Length: 680 m. 

* Altitude: 200:m. 

* Grade: level 

* Cross-section: rectangular (covered trench with 
continuous oenterwall -- of. figure 
below) 

19.89 19.80 
la~ eur i defi1:ir ( 
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2.14 Environment 

* Tunnel situated just above the water table. 

* Surface environment: - urban residential area 
- schools in area 
- limited right-of-way because 

2.2 Fresh-air Flows 

of costs and expropriation 
difficulties 

From the tunnel geometry and predicted traffic 
charaQteristics, the necessary fresh-air flow is 
175 mJ/s per km of lane, or about 475 m3/s per tube. 

2.3 Choice of Ventilation System 

Given the type of route which the tunnel will service, 
the strong possibility of frequent congestion, and 
various safety considerations, the chosen system is 
semi-transversal. 

The use of accelerators would, because they are 
suspended from the tunnel ceiling, require a deepening 
of the tunnel trnech. Because of the proximity of the 
water table, such a design would necessitate lining 
the tunnel for a greater part of its length, thereby 
significantly increasing the cost of the tunnel. 

2.4 Number of Ventilation Sections and Stations 

Various parameters constrain the choice of possible 
solutions. 

Several possible solutions are presented in the 
following figure. These solutions are based on the 
simplifying assumption that the tunnel is divided 
into ventilation sections of equal lengths, thus 
permitting a uniformity in materiel and circuitry. 

2.41 Tunnel Cross-section 

Given the tunnel cross-section and the constraints 
imposed by the water table, the air ducts must be 
located laterally. This will require an enlargement 
of the tunnel in relation to the utilized traffic 
area. This enlargement will in turn necessitate an 
augmentation of the span of the covering panels as 
well as of the required right-of-way. 



These consideratio~s argue for an increase in 
the ~umber of ventilation stations. A single station 
located at the end of the tunnel (Solution 1) would, 
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if we assume a constant air velocity of 25 m/s, require 
an enlargement of: 

~5 
25 x4.°S3 

= 4 meters per tube, 

or 8 meters total in the width of the tunnel. This 
eliminates Solution 1. Similarly, we can eliminate 
Solutions 4 and 7 which would suppose, in the central 
ventilatior sectior, a very substantial enlargement. 

2.42 Surface Environment 

The fact that there is a residential area with schools 
requires that no ventilation stations be located in 
the area. Thus, Solutions 2 and 9 must be dismissed 
as t~ey would locate a station in this area, engendering 
a serious environmental nuissance. 

2.43 Aerodyramics 

Given the ~reat width of eac~ tube {20 meters of 
roadway), it seems desirable to feed each tube simul­
tareously from both ends. Solutions 8 and 10 both 
lead to distribution ducts of a very bad design which 
would be difficult to enter after being put into 
service: 

* Height: 4.85 m. 

* ~idth: 475 = 0.5 m. 
4 X 25 X 4.85-·x2 

2.44 Economic Considerations 

After an economic analysis, the choice finally falls 
upon Solution 3 which, although comparable to Solutions 
5 and 6 in terms of construction and maintenance costs, 
presents {in the particular case studied) added advan­
tages: 

* Easier land acquisition (only two surface disturbances) 

* Greater ease of access for maintenance 



Solution Ventilation 
Stations 
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Fresh-air Distribution Scheme 

CD 1 r 

2 

(1) 2 

CD 3 

3 

3 

(j) 

4 

' 
® 

I I 
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' ! 

I 
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2.5 Design of Ventilation Circuits 

The complete calculation of the circuits presupposes 
the choice of a certain number of options regarding 
ventilation stations and connecting ducts, as .indicated 
below. The distribution schema for the ventilators 
takes into account certain safety and aerodynamic 
considerations. 

The calculations are carried out separately for 
each ventilator, using the factors given in Annex 1. 

In preliminary design calculations we neglect 
the small differences existing between the circuits 
for each ventilator in station land station 2. 

2.51 Numerical Values for Parameters 

Total required flow for the tunnel: 475 m3/s 

Q = flow for each ventilator= 475/4 = 119 m3/s 

S •- 4.85 m2 

V _,_ 24.5 m/s = Vl = vi = V2 

L1 = 340 m. 

LJ = varies with each ventilator 

D = 1.66 m. 
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about 0.00 m. 
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I 
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2. 52 Calcu).ation of _Total Pres.~~-1::I 

Table of Losses ( in mm. of water)[*] 

Ventilator No. 1 2 3 4 

H1 distribution 572 572 572 572 

H2 singularities 

2k v2 
1 192 192 192 192 

k v2 
3 72 72 72 72 

k4V2 36 36 36 36 
.. ~---, "--- •-----·--- ......._---~~---

'\i transmission 158 167 82 91 
d ct between ventila-
tor and the beginning 
of distribution 

--- ~--,.,,...- ~-----· - - .. 

H4 intake 200 200 200 200 
' 

-~ 

Total loss H I 1230 1240 1155 1165 I 
I 

(in pascals) I· 

I :I 
I l 

[*Presumably this should read n1n pa.scals. 11 
-- Editors] 

2.53 Calculation of the Installed Power 

Calculation is conducted separately for each ventilator: 

I 

Ventilator No. 1 2 3 4 

Flow Q. (m3/s) 119 119 119 119 

Loss of H (pascals) 1236 1240 1155 1165 

Power (kW) 209 211 196 198 

Total I:r,_stal led Power: 814 kW (Approximate) 

Thus the total power for the two tubes will be about 1600 kW. 
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Annex 3. Sample Design for a Pseudo-Transversal System 

J.1 Tunnel Characteristics 

The assumed conditions are as follows: 

3.11 me of Route 

Two-lane rural highway. 

,3.12 Traffic 

Assumed to reach saturation at 90 heavy trucks/lane-hour 

3.13 Geometry 

* Length: 3600 m. 

* Grade: uniform 1% 

* Altitude: 1200 m. 

* Cross-section: qorseshoe shape, corresponding to 
transverse section no. 7 of the 
Geometry Document, with two side­
walks of 0.50 m. and a road width 
of 10.00 m. 

J.14 Environment 

* Well-defined mountain range with limited zones of 
good quality limestone. 

* Soil cover varying between 10 and several hundred 
meters. 

* Rural area. 
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J.2 Air Flow and Choice of Ventilation Sys~em 

Given the site conditions, the base air-flow is 60 m3/s 
per kilometer of lane. Taking into consideration the 
necessary corrections for altitude and tunnel grade 
(Cf. Annex 1.), the total air flow must be about 720 m3/s.3 

The cross-sectional area below the false ceiling 
forming the ventilation ducts 1s about 47 m2. Because 
a longitudinal or semi-transversal system would require 
high air speeds in the tunnel, it is best to adopt a 
pseudo-transversal system. 

Co~$equently, one chooses an exhaust flow of 
80 m3/s per kilometer, or about 280 m3/s total. (This 
takes into account necessary safety factors for fire 
and the like.) 

3.3 Number of Ventilation Sections and Stations 

3.31 The 1,000 m3/s flow in the cross-sectional area reserved 
for ventilation demands the best possible utilization 
of space in the tunnel not given over to traffic use, 
i.e., that space located in the vault of the tunnel 
cross-section. 

The area of this space will be about 15-18 m2 • 
Thus, in order to accommodate the required air-flow 
to this area, at least two ventilation sections will 
be necessary in order to achieve an air speed of 20 m/s. 

3.32 At this point we can proceed with the preliminary design 
which considers the various distribution schemas. There 
are four possible solutions (See following schemas). 
?or each, one considers the effect of a variation in 
the chosen air speed for the ducts (from 15-2.5 m/s). 
Depending upon the schema, one is led: 

* Adopt a different tunnel cross-section (increased 
from 85 to 110 m2). 

* Install different ventilation stations (stations at 
entrances and subterranean stations connected to 
surface by ventilation shafts). 

* More powerful installations. 

3For the gPade correction, one assumes that 2/3 of the vehicles 
(or 1300 veh/hr) are moving up the grade; 1/J are moving 
downgrade. 
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For the assumed site conditions, the installation 
of ventilation shafts will be very difficult because of 
the required length, .inclination, and the surrounding 
terrain which would make excavation and excess very 
difficult. A ventilation shaft could, therefore, be 
located only at one or both of the third-points on 
the tunnel trace. 

The optimal solution must be based on.the following 
considerations: 

* Initial costs. 
- tunnel excavation and finishing 
- ventilation stations and shafts 
- ventilation equipment and materiels 

* Operating costs for ventilation system. 

The results of such a cost analysis indicate that 
Solution no. l is the best: 

Solution No. 4 
1 la lb 2 ) 4 4b 

~ increase over - 7% 3% 2% 4% 6% ,i 
Solution No. 1 

Note that these solutions are based upon lengthy 
studies that require a good knowledge of the geological 
conditions and their influence on construction costs. 

3.33 The Characteristics of the Chosen Solution 

4solutions la and lb differ from 1 only with respect to 
air speed in ventilation ducts. 
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J.4 Design of Ventilation Circuits 

J.41 Numerical values of Parameters 

The applioatio11 of the formulas given in Annex 1 
can provide only approximate solutions. Certain 
parameters vary as a function of altitude, type of 
tunnel wall surface, etc. Because these further 
factors would only introduce added complications, 
they will be neglected in our example. 

Parameters Distribution ventilation Transmission 
ducts in tunnel shaft with 3 ducts (for 

transmission Station #2 
Fresh Polluted ducts, formed and S ubterra-

by partitions nean Station) 

s (m2) 11.65 4.45 5.70/4.45 11.6.5/4.45 

D (m) 3.09 1.93 2.38/2.11 J.09/1.93 

L (m) 1200 1200 fresh: 420 Sta. #2: JO 
polluted: 4J5 S. Sta: .55 

V (m/s) 20.i 21 21 20.6/21 

J.42 Calculation of Total Pressure 

Type of Station Stations at Entrance Subterranean 
station 

Ventilator No. 1 No. 2 
Fresh Polluted Fresh Polluted Fresh Polluted 

H1 distribution 712 1078 712 1078 712 1078 
ducts ' 

H2 singularities 161 168 161 168 348 247 

H3 transmission --- --- 41 69 8.54 1035 
ducts 

H4 Intakes or 
Exhausts 

200 200 200 200 200 200 

Total loss H 
(pa.seals) 

1075 144.5 111; 1515 2115 2560 
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J.43 ca19ulation of Power Requirements 

Type of Station Entrance Stations Subterranean 
Stati,;::m 

No. -'l No. 2 

Ventilator Fresh Polluted Fresh Polluted Fresh Polluted 
Function 

Air Flow per 120 93.3 120 93.3 120 93.3 
Ventilator Q 

(m3/s) 

Loss H (pascals) 1075 1445 1115 1.51.5 2115 2560 

Ventilator Power 
(kW) 184 193 191 202 363 341 

Number of 2 1 2 1 2 1 
Ventilators 

Power per 560 585 1065 
Station 

Total Power (kw) 2210 
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Annex 4. Lo.ng!_tudinal Ventil~tion Using Accelerators 

4.1 General Consideratiol};§_ 

With the longitudinal system, ventilation is accomplished 
not by means of a direct introduction of air into the 
tunnel, but by means of a longi tudin.al induction of the 
air in the tunnel using injectors at the tunnel entrances 
and accelerators along the length of the tunnel interior. 

In the following discussion we will limit our 
discussion to ventilation using accelerators as this 
is the most common type of longitudinal ventilation. 

The accelerators are placed out of the way of 
tunnel traffic, either on the ceiling or sidewalls 
depending upon the tunnel cross-section. The accelerators 
move the air in the direction of traffic flow (generally 
the case for one-way tunnels), or in either of two 
directions depending upon the natural circulation tendency 
of the air in the tunnel (generally the case for two-way 
tunnels). 

It is normal to place the accelerators a minimum 
of 60 m. apart along the length of the tunnel, with no 
more than 2-3 accelerators in the same cross-section. 
These constraints are imposed by aerodynamical considera­
tions. 

4.2 Design Factors 

4.21 The longitudinal movement of air in the tunnel is 
opposed by the following natural forces: 

* Friction forQes !M.rte~ by tunnel walls, increasing 
as the square of the air speed. 

* Differences in pressure between tunnel entrances, 
due to wind. or other climatic conditions. 

* Piston effect of vehicles, which is positive or 
negative depending upon the speed of the vehicles 
relative to the air. 

4.22 ~~ting and .static Thrusts of the Accelerators 

Longitudinal ventilation is not characterized by 
its flow capacity, but bu the thrust to be transmitted 
to the air in order to maintain a given air speed in 
the tunnel. The operating thrust provided by the 
accelerators is oaloulated as follows: 
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F = p n Q (W8 - W) 

where: F = thrust (Newtons) 

p = specific mass of the air in the tunnel fkg/m3) 

n • number of accelerators 

Q = flow from each accelerator (m3/s) 

W8 =airspeed through accelerator (m/s) 

W = induced air speed in tunnel (m/s) 

Clearly the operating thrust is a function of the 
induced air-speed w. For convenience in rating the 
accelerators, one normally speaks of the static thrust 
of an accelerator, oAlculated for stand.art!. conditions 
(p0 = 1.2 kg/m3; W = 0). The static thrust H for a 
single accelerator is Po Q W8 • 

4.23 Calculation 

A detailed study is very complex and thus impossible 
hepe. For preliminary design purposes, one can be 
satisfied with the charts given below, understanding 
that final design requires recourse to the appropriate 
Agency. 

4.3 Charts 

4.31 The first two charts represent the effect of tunnel 
length on the required operating thrust. Two different 
types of tunnels are considered: 

* ~wo-way traffic (accelerators blowing in one direction 
or the other) • 
- horseshoe-shaped oross-seotion: 67 m2 
- road width: 10 m2 
.;..·:naazimWI capacity: 1000 veh/hr-lane with 90 heavy 

trucks/ hr-lane (speed: 55 km/hr) 
- altitude: less than 400 m. 
- grade: none 
- site: rural 



* 9ne.-way traffic (accelerators blowing in direction 
of traffic flow). 
- horseshoe-shaped cross-section: 67 m2 
- road width: 10 m. 
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- maximum capacity: 1700 veh/hr-lane with 150 heavy 
trucks/hr-lane 

- altitude: less than 400 m. 
- grade : none 
- site: rural 

In the last case, the influence of variations in 
atmospheric pressures 1s significant; in some instances 
it will be necessary to take this into account using 
the provided curves. 

4.J2 The following charts represent the coefficients of 
correction to be applied to the calculation of operating 
thrust in order to account for particular conditions 
(altitude, number or heavy trucks, grade, etc.). The 
correction for altitude takes into account both the 

variation in air density (standard air at o0 c) and 
the variations in vehicular emissions with altitude. 

4.33 Knowing the static characteristics of an accelerator 
(H, Q, W8 ), operating thrust can be calculated as 
follows: 

f = H (Ws - W)/ Wa 

The required number of accelerators is therefore: 

n = F/f 

The power requirements can be easily deduced: 

P = 10-J n Q H'n* 

where: P = required power (kW) 

n = number of accelerators 

Q = unit flow of accelerators 

H* = operating pressure (about 2 dynes or p w
8

2) 

n* = efficiency (about 0.6} 
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Total Operating Thrust as a function of Tunnel Length 
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tunnel (e.g., eut-and-oover construction), this counterpressure 
1s due only to wind effect. In such cases counterpressure is 
independent of tunnel length and can sometimes attain a value 
of 200 pascals. 
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Note: variation of tunnel width or grade are not significant. 
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~orreotion Coefficients for Total Thrust 
(Two lanes, one-way, L = 1000 m.) 
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4.4 Example 

4.41 Tunnel Characteristics 

* Type of route: rural expressway (2 lanes each direc­
tion, each in different tubes) 

* Traffic: 1700 veh./hr-lane maximum with 150 heavy 
trucks/hr-lane (speed: 55 km/hr) 

* Geometry: length: 1000 m. 
grade: 1% 
altitude: 300 m. 
horseshoe-shaped cross-section (67 m2} 
road width (2 lanes): 9 m. 

* Environment: rural 

4.42 Air Flow and Choice of Ventilation sys~e~ 

The uncorrected fresh-air flow would be 100 m3/s-km-lane 
(for expressway with normally uncongested traffic). The 
1% grade introduces a 1.07 correction factor for the 
ascending tube, a 0.94 factor for the descending tube. 

The necessary fresh-air flows are then: 

* for the ascending tube: 215 m3/s 

* for the descending tube: 190 m3/s 

A detailed study would show that natural ventila­
tion is insufficient for ventilating a tunnel of this 
length, particularly when climatic conditions are taken 
into account. Such a study would also show that the 
ventilation requirements are such as to make a semi­
transversal system unnecessary. 

The system to be adopted will, therefore, be a 
longitudinal system using accelerators hung from the 
ceiling. 

we suppose that by experimentation on the site 
it has been determined that atmospheric counterpressures 
will amount to a supplementary resistance of 100 pascals. 
Using the foregoing charts we discover that the operating 
thrust must be 2750 Newtons in the ascending tube and 
2000 Newtons in the descending tube. We choose ventila­
tors having a flow of 8.5 m3/s at 25 m/s. This type 
of ventilator 1s quite representative of existing 
equipment -- its size and noise oha•acteristics are 
quite acceptable. The use of larger ventilators will 
be necessary only in order to cut costs by eliminating 
power and control cables, but only in larger installations. 



The unit operating thrust of these accelerators 
1s given by: 

f = p Q (W8 - W) (in Newtons) 

or, 
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* in the ascending tube: 

* in the descending tube: 

r = 1.2 x a., x ~2s-2g;> = 222 

f = 1.2 X 8.5 X (25-1,~) = 226 

As the number of ventilators is given by n = F/f, 

* in the ascending tube: n = 2750/222 = 12 

* in the descending tube: n = 2000/226 = 9 

The required electric power is: 

P ~ 10-J X 21 X 8.5 X 1.2 X 622 = 220 kW 
0.6 

The ventilators are placed in pairs as indicated 
in the following drawings. In the present case, a single 
transformer room will suffice, u the reguired cable 
length is not great (300 m. and 360 m.). 

Necessary ventilation control equipment 1s 
installed in the room adjoining the transformer 
room. 

6The maximum possible length for low tension cables is 
about 400-450 m. 
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Annex 5. Structural Considerations 

Although concerned only with the definition of 
system requirements, Annexes 2 and 3 demonstrate clearly 
the importance of sound engineering design from the very 
inception of the project. Structural considerations 
impinge on the project not only because of construction 
costs, but also because of the various studies which 
these structural considerations necessitate (geological, 
environmental, etc.). These considerations are normally 
grouped as follows: 

* Structures located in the tunnel itself: 
- false ceilings and partitions 
- ventilation ducts 

* Structural work outside the tunnel: 
- shafts and ad1ts for air supply 
- connecting adits to the tunnel 
- ventilation stations 

5.1 Inside Work 

5.11 False Ceilings and Partitions 

Their design must take into account the effects of 
air-Jressure differentials across the ceilings and 
partitions. Moreover, the ceilings must be able to 
support maintenance crews who will have to work inside 
the ducts. 

Ceilings and partitions are normally designed 
for: 

' 

* a uniform loading of 200 kg/m2 on the partition 
separating fresh-air and polluted-air ducts. 

* a uniform loading of 200 kg/m2 plus a variable 
pointwise loading of 100 kg/m2 on the false ceiling. 

Both ceiling and partition can be pr•fabricated. 
or poured in place, the choice being dictated by site 
or economic considerations. 



There are various ways of hanging the ceiling: 

* Rest ceiling on preeast supports set in wall. 

* Lateral anchorage of the ceiling. 

* Anchorage of ceiling to tunnel roof by means of 
vertical partitions. 

* ~est ceiling on supports extending along walls 
to floor. 
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The choice here depends upon the type of tunnel 
li:nh1g employed, the possible presence of an impervious 
layer, and on the loading of the false ceiling. 

In the case of transversal and pseudo-transversal 
systems, on.e must be careful to insure the integrity 
of the polluted-air gallery on the one hand and the 
tresh-air gallery on the ot~er. 

5.12 Connecting Ducts 

.. ,. 

These are the secondary ducts connecting the principal 
distribution ducts with the tunnel's traffic gallery. 

Depending upon the type of system utilized, the 
type of tunnel, the number of vehicular lanes, various 
ways of providing these connections are possible: 

* In tunnels of rectangular cross-section, connecting 
ducts are generally replaced by simple openings in 
the separating partitions. 

* In vaulted tunnels using a semi-transversal system. 
simple openings are made in the false ceiling. 

* In vaulted tunnels employing a return duct for the 
polluted air, openings for the polluted air are in 
the ceiling, while fresh air is transmitted from 
the distribution duets through connecting ducts to 
openings located at road level. This iMures an 
even fresh-air dilution. 

A.F. ,.__ __ , __ _ 
A.f. 
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Annex 5. Structural Considerations 

Although concerned only with the definition of 
system requirements, Annexes 2 am 3 demonstrate clearly 
the importance of sourn engineering design from the very 
inception of the project. Structural considerations 
impinge on the project not only because of construction 
costs, but also because of the various studies which 
these structural considerations necessitate (geological, 
environmental, etc.). These considerations are normally 
grouped as follows: 

* Structures located in the tunnel itself: 
- false ceilings and partitions 
- ventilation ducts 

* Structural work outside the tunnel: 
- shafts and adits for air supply 
- connecting adits to the tunnel 
- ventilation stations 

5.1 Inside Work 

5.11 False Ceilings and Partitions 

Their design must take into account the effects of 
.air--ressure differentials across the ceilings and 
partitions. Moreover, the ceilings must be able to 
support maintenance crews who will have to work inside 
the ducts. 

Ceilings and partitions are normally designed 
for: 

' 

* a uniform loading of 200 kg/m2 on the partition 
separating fresh-air and polluted-air ducts. 

• a uniform loading of 200 kg/m2 plus a variable 
pointwise loading of 100 kg/m2 on the false ceiling. 

Both ceiling and partition can be pr•fabricated 
or poured in place, the choice being dictated by site 
or economic considerations. 



There are various ways of hanging the ceiling: 

* Rest ceiling on precast supports set in wall. 

* Lateral anchorage of the ceiling. 

* Anchorage of ceiling to tunnel roof by means of 
vertical partitions. 

* Rest ceiling on supports extending along walls 
to floor. 
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The choice here depends upon the type of tunnel 
lining employed, the possible presence of an impervious 
layer, and on the loading of the false ceiling. 

In the case of transversal and pseudo-transversal 
systems, one must be careful to insure the integrity 
of the polluted-air gallery on the one hand and the 
tresh-air gallery on the other. 

5.12 Connecting Ducts 

~ 

a.P. 

These are the secondary ducts connecting the principal 
distribution ducts with the tunnel's traffic gallery. 

Depending upon the type of system utilized, the 
type of tunnel, the number of vehicular lanes, various 
ways of providing these connections are possible: 

* In tunnels of rectangular cross-section, connecting 
duets are generally replaced by simple openings in 
the separating partitions. 

* In vaulted tunnels using a semi-transversal system, 
simple openings are made in the false ceiling. 

* In vaulted tunnels employing a return duct for the 
polluted air, openings for the polluted air are in 
the ceiling, while fresh air is transmitted from 
the distribution ducts through connecting ducts to 
openings located at road level. This in.sures an 
even fresh-air dilution. 

A.f. 
! ♦ 

A.[ 

~ 



71 

5.121 Design Considerations 

It is difficult to give a general law for the placement 
of connecting ducts as this depends upon flow require­
ments and other considerations. 

For initial design, one can figure that at 10 m/s 
a 20cm x 50 cm rectangular opening will pass l m3/s. 

5.122 Effect of Connecting Ducts on Tunnel Desigp 

As was pointed out, in many cases connecting ducts 
are replaced by simple openings in the ceiling. 

When the connecting ducts are indispensable, 
they are generally made of fibro-cement, and can 
therefore: 

* Be cast irto the tunnel lining. In this case they 
are sectioned so as to allow at least two sept... ... •ate 
pourings of tunnel walls {vault and then lower wall); 
the minimal width of these ducts should be 15 cm. 

* Or they can be exposed, simply placed against the 
tunnel walls. Running from floor to ceiliTig, exposed 
ducts are not very aesthetic, nor are they easily 
cleaned. 

5.2 Outside Work 

5.21 Shafts and Adit~ 

The location of ventilation shafts requires a very 
careful study of the geology and hydrogeology of the 
traversed terrain, and of the accessibility during 
construction of the shaft openings. These considera­
tions are treated in more detail in the section on 
this subject in th~ Structure Document (Section 2, 
Annex 9). 

Generally speakir.g, one seeks to choose vertical 
shafts which are as short as possible, attempting at 
the same time to keep connecting adits as short as 
possible. The link-up with the tunnel should be 
effected, if possible, in geologically suitable terrain. 

5.22 Ventilatio~ Stati~ 

Their design and location requires from the very beginning 
of project planning a good understanding of geological 
and environmental problems. Annexes 2 and J indicate 
size requirements, while Annex 7 discusses some of the 
difficulties related to their implantation in urban areas. 
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5.221 Subterranean Stations 

Because of their large cross--section, these stations 
pose major design problems. They can only be located 
in geologically suitable terrain. The choice of a 
vaulted or rectangular cross-section is dictated by 
geological considerations, as is also there orientation 
relative to the tunnel trace. 

5.222 §urface Stations 

Design and location of these stations is dictated by 
architectural considerations; however care should be 
taken to insure that the connecting ducts to the 
tunnel (i.e,, transmission ducts) are as simple as 
possible and that a passageway connecting the station 
to the tunnel is provided. 



Annex 6. Ventilators 

The object of the present chapter is to present ideas 
about the choice of ventilators (types, operating 
characteristtcs, advantages and disadvantages, etc.). 

6.1 Classification 

There are two ways of classifying ventilators: 
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* The ventilator is either centritugal or helicoidal, 
depending upon the trajectory of the air through the 
ventilator. 

* Depending upon their utilization, it is customar) 
to distinguish shrouded ventilators (enclosed in 
a duct), wall ventilators (set in wall), and 
hurricanefans (which merely circulate the air 
in. a given area). 

For the ventilation of highway tunnels, shrouded 
ventilators (mounted in ducts or cowlings) are the most 
common; in parking areas, wall ventilators are ofben 
effective. 

For the user, a ventilator is 1ssentially a deTice 
which "furnishes" a flow of qir Q (mJ/s) under a pressure 
H (pascals}. It is these two values which characterize 
the ventilator. 

6.2 Centrifugal (Radial-Flow) Ventilators 

6.21 Definition 

These ventilators are composed of one or two wheels 
mounted on a horizontal axis and a volute which develops 
about this axis. The air enters the wheel parallel to 
the axis of rotation and exits radially into the volute, 
and then moves on into the duct connecting to the volute. 
The air supply for the ventilator can either be drawn 
directly from the loaale of the ventilator, or it can 
be drawn first through a hood, thus insuring a smooth 
flow transition into the ventilator. 
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6.22 0perat1:ng Characteristics 

Roughly speaking, centrifugal ventilators are charac­
terized by a relatively weak flow, but a relatively 
high pressure. Thus, within the range of ventilators 
available to constructors, there exists ventilators 
having a flow of less than 2 mJ/s, but with pressures 
of 10,000-15,000 pascals. 

Because installations in most highway tunnels 
require high flows (80-200 m3/s) under relatively low 
pressures (500-2,000 pascals), this type of ventilator 
is not widely used. 

6.2J Advantages and Disadvantages 

As the ventilator is driven by a motor coupled directly 
to the fan shaft, different ventilation regimes are 
obtained by use of a variable speed motor. 

The chief advantage of these ventilators is their 
good acoustical characteristics and their stability of 
performance. They have a noise level of 10 dB less than 
comparable helicoidal ventilators of the same flow and 
pressure. Moreover, the noise spectrum of these ventila­
tors is such that most of the output is in the lower 
and thus less audible frequencies. 

In the other hand, these ventilators are bulky. 
The volute of a double-wheel ventilator occupies a 
volume roughly two wheel-diameters on a side, not 
counting the space required by the motor. By way of 
example, a ventilato~ of 75 m3/s and 4,000 pascals, 
driven by two two-speed motors, will oover an area 
4.4 m. x 10 m., and will require a clearance of 6 m. 
at the centerpoint or the wheel. 

6.J Hellooidal (Axial-Flow) Ventilators 

6.31 Definition 

These ventilators are composed of a propellor, including 
a hub and several blades, turning inside a cowling which 
constitutes part of the ventilation duct. Smooth air-flow 
through the ventilator is usually facilitated by use of a 
fairing of the same diameter as the hub, located upstream 
of the propellor, and by use of a similarly cone-shaped 
fairing downstream of the hub. This tends to encourage 
a non-turbulent flow through the ventilator. 

These ventilators may be mounted vertically or 
horizontally. 
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Depending upon the intended use, different design 
and fabrications are possible: 
- one piece construction, with hub and blades molded in 

a single piece 
- blades attached to hub in such a way as to allow either 

a fixed or variable blade angle, adjustments being made 
with ventilator shut off. 

- blades of ~ariable angle, adjustable while machine 1s 
in operation. 

6.32 Operating Characteristics 

The operating range for these ventilators is quite 
wide as regards flows; however the pressures are quite 
low. Thus, very large diam&ter propellors (in oxcess 
of 10 m.) are able to furnish a flow of 1,000 mJ/s at 
pressures of leas than 100 pascals. Even for flows of 
less than 200 mJ/s, the maximum pressure usually will 
n.ot exceed 1500-2000 pascals. For greater press ....... es 
the solution requires either special construction 
techniques or the use of several ventilators in series. 
The latter solution 1s most common, the ventilators 
being mounted as needed along ducts, thus insuring 
a constant flow under the mounting pressures. Except 
in exceptional cases, this type of ventilator always 
permits satisfaction of ventilation needs for a 
highway tunnel. 

In longitudinally ventilated tunnels, the accelera­
tors are placed on the vaulted ceiling. If the equipment 
1s designed to move air in only one direction, the 
propellor is mounted on the end of the motor shaft, and 
the propellor blade angles are set to attain the best 
efficiency. Silencing rings are mounted on the cowli1 
from one end to the other. In the case of a reversible 
installation, the simplest solution, although it results 
in a lower efficiency, is a symmetrical propeller. The 
change in direction 1s then accomplished by reversing 
the motor rotation (by means or a phase inversion). 

6.33 Advantages and Disadvantages 

The ventilator can be driven in several ways; however 
the best solution from the point of view of space utili­
zation is a direct coupling of the ventilator to the 
motor shaft. 

Flow variation necessitated by traffic density 
can be effected in stages (4 regimes can be achieved 
by use of 2 two-speed motors) or in a continuous fashion 
by variation of the blade angle of the propellor, driven 
by a one or two-speed motor. 
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Hel&ooidal ventilators are generally more noisy 
than centrifugal ventilators, but they present the 
advantage of requiring less space since they are 
easily integrated into the duct syste~. By way of 
example, a ventilator furnishing 75 mJ/s at 1000 pascals 
has~ diameter of about 2 m., a space requirement of 
10 m and a clearance of 4 m. 
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Annex 7. Pr~blems Unique to Urban Tunnels 

?.1 General Considerations 

Subterranean oonsti:-uction in urban sites is characteri ;.,~1d 
by the followi~g: 

* Implantation difficulties (right-of-way limitations, 
encombranoes, etc.). 

* Greater difficulty and cost of construction (problems 
with water table, proximity of habitations, maintenance 
of surface traffic circulation near site, cost of 
expropriations, etc.). 

* ~eavy traffic flows through the tunnel and greater 
risks of congestion which require major ventilation 
installations. 

These different characteristics demand a careful 
analysis from the very.beginning of project planning of 
all types of influences involved in urban construction. 
Those directly related to ventilation are discussed in 
this annex. 

The following remarks cannot possible answer every 
conceivable problem which might arise; as a consequence 
these remarks should be regarded as merely indicative. 

7.2 Location of Vftntilation Stations 

In urban sites, it is not possible, even during preliminary 
design, to be guided by typical solutions. Even before 
considering the various criteria of economic comparison, 
one finds oneself limited by various constraints which 
in many cases may put the entire future of the project 
into question. It is therefore essential to have a 
clear view of all ventilation requirements from the very 
outset. These requirements are of three types, all closely 
interrelated. 



7.21 Intake and Exhaus~Bazs 

Their location can give rise to serious difficulties 
for a variety of reasons: 
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* Because of the required surface area for the bays. 
The areas necessitated by the tunnel's traffic load 
is generally disproportionate to the available 
surface area for such structures.? · 

* Because of the nuisance created bz th~_pays, which 
is of two sorts: 

- ROllution engendered by exhausted air. This air 
must, of course, not be harmful either to inhabi­
tants or to neighboring structures. Polluted air 
should be vented at a safe distance from both, 
perhaps by using sufficiently high chimneys. It 
is also necessary to locate the fresh-air bays in 
such a manner as to insure that there is no 
recjcling of the polluted air. 

- noise from the ventilators, transmitted by both 
intake and exhaust bays. (See 7.3 below). 

7.22 Galleries for Air Distribution 

Their design depends upon the available righ-of-way 
for the tunnel. 

In more complicated situations, it is often very 
difficult to find a continuous solution. The design. 
must 1n these eases find a ventilation circuit that 
will accommodate those points along the tunnel trace 
that interrupt a continuous distribution of air along 
the length of the tunnel 

7.23 Ventilation Stations 

Generally speaking, even in more complicated situations, 
it is always possible -- if one takes the time -- to find 
the underground ·:space for subterranean ventilation 
stations. 

71n prinoiple the surface area of the intake bays must permit 
a passage of air at speeds of 2.5-3 m/s. A two-lane r>adway 
1 km in length requires a surta~e area or about 100 m for 
the intake bays (and about 50 m for exhaust bays which can 
have a higher exit velocity). 



7.3 Noise and Sound-Abatement 

Noise problems associated with highway tunnels are of 
two different sorts. 

7.31 Nuisance to Tunnel users 
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Noise levels in the tunnel are always very high, simply 
because of the traffic c1rculat1on in a passageway of 
high reverberance. Nevertheless, the user's sensitivitv 
to this nuisance is greatly reduced both because of 
their short exposure to it and because they have a 
simple means of reudcing it -- namely, by rolling up 
the windows. 

Acoustical treatment is necessary only in major 
urban tunnels. These treatments do not attempt to 
reduce the noise levels themselves, but to dminish 
reverberation. The former would be prohibitively 
expensive. User comfort is thus achieved by suppressing 
reverberation and localizing noise. 

Acoustical treatment of the tunnel walls and ceiling 
involves the use of absorbent panels, resonant panels, 
and resonators. 

Acoustical studies are the business of experts. 
In. preliminary design, it is necessary only to evaluate 
the repercussions of such treatments on the overall 
costs of the project as well as to plan tunnel dimen­
sions to accommodate such treatments should they be 
necessary. (Acoustical treatments add about 10-15 om 
to walls and ceiling.} 

7.32 Nui~ance to Local Populace 

These nuisances can have two sources: 

* Noise from tunnel entrances. As a rule, the sound 
energy radiated by the entrances is no greater than 
that of a normal roadway. It is, nevertheless, 
possible to treat these entrances in a fashion 
similar to that employed in the tunnel interior. 

* Noise from ventilation stations. This 1s a major 
problem in urban sites as the cost of acoustical 
treatment can constitute a major part of the total 
cost of the project. Moreover, such treatments 
generally require increased space allocation. 



7.33 Development of Stu41es 

Acoustical studies involve two distinct phases: 

* Determination of admissible noise levels. This 
must be accomplished at the very beginning and 
without regard to the actually available means 
of noise-abatement. 

There are two possible situations: 
- the predicted base noise level is high (due to 

predicted traffic density): then noise level 
of the ventilators must be limited to a value 
lower than the base level. 
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- the predicted base level is quite low: then 
noise level of the ventilators must be limited 
to a value judged experimentally to be acceptable 
for the particular locale (residential, office, 
pedestrian area, etc.). (See 7.35 below.) 

* Determination of available mean of noise abatement. 
Attenuation of noise levels can be achieved in 
two ways: 
- by proper geometrical design of ducts connecting 

ventilators to intake and exhaust bays: use of 
90°-elbows, damping chambers, long ducts, etc. 
These structures are, however, effective only if 
they are properly treated with absorbent materials. 

- by use of silencers. 

Baffle-type silencers are every effective, but 
they require considerable space (the gross cross-sectional 
area must permit a passage of air at 5-10 m/s; the length 
usually varies from 1.5-4.0 m. depending upon the desired 
attenuation). For very high attenuations, two silencers 
can be placed in series; however the head loss through 
these silencers will be on the order of 100-200 pascals 
for each one. 

The ring-shaped silencers used on heliooidal 
ventilators lengthen the ventilator cowling one or 
two meters, but they usually achieve only a minor 
reduction in noise. On the other hand, head losses 
are negligible and. their dimensions are quite modest. 
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7.34 ~eguired Actiops during Preliminary Design 

* Asoertain (or have ascertained by specialists 
the extent of the problem. A preliminary deter­
mination of the existing noise levels is generally 
very useful-Ifthese levels are sufficiently 
representative of future noise levels. 

* To the extent possible, locate ventilation stations 
in areas where they will create less of a nuisance-1.. 
choosing an_orientation of the intake.bays that 
create the least noise. In urban tunnels, the 
acoustical aspects of the design can determine 
both the choice and design of the ventilation 
system. 

* Insure that the structura~ design for the ventilatio~ 
is sufficiently room.z to permit the installation of 
noise-abating equipment. 

7.35 Admissible Values 

Acoustical design is tied to a spectral analysis of 
the principal noise sources. Nevertheless, a first 
approximation can be achieved by use of total noise 
values which are weighted in such a way as to take 
into account the sensitivity of the human ear over 
the entire sound spectrum. These total values are 
expressed in dB (A). 

7.351 Admissible S~u~d Levels 

* Desirable values in very quiet areas having 
negligible background noise: 

Exteriors of dwellings: 35 dB (A) 

Exteriors of office-buildings: 45 dB (A) 

* When the background level is not negligible, the 
ventilation system should be designed to operate 
at sound levels below the backgr-ound level, thus 
rendering the system nearly inaudible. 
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By way of example, the noise level of a two-lane 
roadway, for a traffic density of 2000 veh/hr8 is on 
the order of: 

75 dB (A) 
71 dB (A} 
69 dB (A) 
64 dB (A) 

at 
at 
at 
at 

J m. 
20 m. 
40 m. 

100 m. 

* The level of sound power Nw of a ventilator is 
expressed by the following: 

Nw = 10 log k ~2 Q 

where: N expressed in dB, q the total pressure of 
the ventilator, Q its flow, and k a coefficient 
that depends upon the nature of the ventilator. 

By way of an example, the noise emanating 
from a ventilator having a flow of 100 mJ/s under 
a pressure of 1000 pascals 1s about: 

105 dB 
85 dB 
79 dB 
71 dB 

at 
at 
at 
at 

~ m. 
20 m. 
40 m. 

100 m. 

* The noise-abatement obtained through use of silencers 
depends, of course, on their construction (design 
and materials). A baffle-type silencer 2.0 m. in 
length (flow area 50% of total cross-sectional area) 
will provide an attenuation of about 20 dB. 

8This level varies as ten times the logarithm of the flow 
of vehicles. If the flow is only 1000 veh/hr, the noise 
level will be 3 dB below the indicated levels; if it is 
4000 veh/hr, then it will be 3 dB greater. 
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Annex 8. plossary of Terms 
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Section 2. Lighting 

1. Introduction 

2. Tunnel Lighting Principle 

J. Illumination Levels in Lorig Tunnels 

4. Illumination Levels in Short Tunnels 

5. Improvi:ng Tunnel Visibility 

6. Installation 

7. Slectric Power Supply 

8. <,unscreens 

9. Glossary of Terms 



Chapter 1. Introduction 

1.1 Lighting is not only a factor in tunnel safety and 
comfort; it is also an essential condition for a 
tunnel's viability. 
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Although it is not necessary during preliminary 
design to undertake a detailed study of lighting require­
ments, it is nonetheless useful at that time to make a 
reasonable estimate of these requirements, bearing in 
mind the following considerations: 

* Lighting usually represents an important part of the 
total project costs (J-10%). In certain cases how­
ever, notably for short tunnels, the costs are 
negligible. 

* Lighting involves continuing costs for operation 
and maintenance, once the tunnel is put into service, 
which can be significant. Long-term costs must, 
therefore, not be neglected. 

* The constraints imposed on maintenance procedures 
once the tunnel is in service must be considered 
during the initial planning of the tunnel. 

1.2 As a general rule, it is necessary in lighting design 
to take into account the following factors: 

* Type of tunnel (route, traffic density, and direction 
of traffic). 

* Tunnel site (urban or rural). 

* Ambient luminance of tunnel approaches. 

* Vehicle speeds. 

* Tunnel layout (grades, etc.). 

* Tunnel length. 

* Width and :,,umber of lanes. 



These different factors all have a more or less 
direct effect on the lighting design. The following 
remarks are, of course, only general indications. 

These remarks are sufficient for choosing the 
principal characteristics of the lighting, but these 
characteristics must be detailed and refined at a 
late~ stage in planning. 

The Cost Document contains all the necessary 
elements for making preliminary cost estimates. 

86 
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Chapter 2. Tunnel Lighting Principle 

2.1 General Considerations 

2.11 The normal penetration of natural light from outside 
the tunnel is about 30-40 m. Beyond that point, natural 
lighting is insufficient to insure visibility of obstacles 
or proper guidance of vehicles. 

Thus, it is indispensable that the tunnel be 
equipped with artificial lighting which will provide 
visibility conditions which are homogeneous with those 
outside the tun11.el. It is particularly important to 
suppress the so-called "black hole effect" which 0011•­
fronts the motorist entering an unilluminated or insuffi­
ciently illuminated tunnel. The transition must provide 
for a progressive adaptation to changes in luminance 
levels. 

2.12 As it is not possible, economically speaking, to provide 
lighting conditions in the tunnel strictly identical to 
those on the outside, lighting 1s designed in such a way 
as to progressively accustom the motorist to lower lumi­
nance levels, until in the tunnel interior the luminance 
level is finally very low (several thousandths of exte­
rior levels). 

There are as a result two distinct zones in the 
tunnel: one corresponding to the transition period 
at the entrance (called the transition or reinforcement 
zone) where the luminance levels are progressively 
decreasing; and the other corresponding to the rest 
of the tunnel (called the interior zone) where luminance 
levels are constant. 

It is as a result possible to distinguish two 
types of tunnels: 

* Short tunnels, where the interior zone is practically 
non-existent. 

* Lopg tunnels, which have both zones. 1 

1The terms •short" and "long" are to be understood from the 
point of view of lighting. As one will soon see, all geome­
trically short tunnels are not necessarily short from this 
point of view. 
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In designating tunnels, it is often advisable 
to consider a third zone -- the exit zone. Provisions 
are made in this zone for, readapting the motorist to 
higher levels of exterior luminance by means of an 
increased artificial illumination approaching the 
tun.nel exit. 

2. 2 ~es __ s,f Tunnels. 

2.21 Short Tunnels 

2.211 As a first approximation, one can assume that in~ 
short tunnels (maximum length of 80 m), the penetration 
of natural lig_ht through the tunnel portals is sufficient 
for the illumination of the entire tun11el. Detailed 
studies are still necessary in order to insure the 
sufficiency of natural lighting.2 

2.212 Above this length, one considers as short those tunnels 
wherein a motorist located at one entrance can recognize 
the presence of obstacles on the tunnel roadway by 
silhouetting these obstao13s against the luminous back­
ground of the tun.nel exit. 

Geometrically short tunnels with lateral curves 
or changing grade (e.g., subaqueous tunnels) do not 
belong to this category. 

For preliminary design purposes, all straight 
tunn.els (straight both in profile and plan), 100.:.300 m. 
in length, are generally considered to be short, assuming 
that they obey the above silhouetting condition. 

2.213 Short tunnels differ from long tunnels in having poorer 
visibility conditions as well as higher percentage costs 
for lighting: 

* Their short length requires that the transition zone 
extend the length of the tunnel. 

* The exit is visible from the entrance thus permitting 
the silhouetting of obstacles, but it also leads to 
faulty depth perception (due to contrast inversion). 

2one normally considers the environmental conditions at the 
tunnel entrances, the height and width of tunnel portals, and 
the type of route and traffic density. 

3The obstacle here will have a size of a cube not less than 
20 cm. on a side. 
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* The bright exit constitutes a patch of high luminance 
in the motorist's visual field, which is both dazzling 
and irritating. 

2.22 Long Tunnels 

Long tunnels are defined by their exclusion from the 
foregoing categories. They are characterized by: 

* An entrance zone corresponding to the period of 
adaptation. 

* An interior zone. 

* An exit zone corresponding to the period of 
readaptation. 

In tunnels where traffic is two-way, the exit zone 
1s simply treated as an entrance zone. 

In one-way tunnels, the transition zone at the 
exit poses problems different from those encountered 
in the entrance zone as adaptation to higher luminance 
levels is much quicker than is adaptation to lower 
levels. Because of the problems associated with the 
exit discussed above (namely, contrast inversion and 
dazzlement), it is often necessary to provide for an 
increased lighting for a distance of 60-80 m. ahead 
of the exit. 
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Chapter 3. !Jl ~!!lliriation Levels in Lc,:?IB _ •ri~nnels 

J.l Entrance zone 

J.11 Influencing Facto~s 

Lighting in the entrance zone must take the followillg 
two factors into consideration: 

* Luminous environment at the tunnel e:utranoe. This 
permits the establishment of the maximal level of 
entrance zone lighting necessary in oruer that every 
obstacle situated at leas than braking distance be 
perceptible. 

This first factor encompasses the 
surfaces surrounding the tunnel portal. 
upon their luminance and location, they 
a more or less pronounced dazzlement of 

luminous 
Depending 

may produce 
the motorist. 

* Vehicle speed. This determines the total required 
leffith of the entrance zone through which increased 
il umination must be provided in order to facilitate 
the transition between ambient exterior luminance 
and the chosen luminance level in the interior zone. 

This factor determines the accommodation condi­
tions of the eye to the various luminous sources which 
successively enter the visual field, insuring that 
there is never any loss of vision. 

3.12 Choice of Illumination Levels 

Because of the great variability of luminous environment 
with tunnel location and the season of the year, prelim­
inary design of ent4ance zone lighting is based upon 
the following table. 

4Electr1c power requirements are directly proportional to 
the illumination (in lumens). Luminance 1s related to the 
illwnination by an average coefficient of reflection for the 
walls and roadway (here taken equal to'"'fr/10). Illumination 
levels given here are understood to be for devices in opera­
tion for 1500 hours and between cleanings of the fixtures. 
(Depreciation factors: due to dirt: 20%; aging of the lamps: 
5% for sodium vapor, 10% for florescence.} 
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Accommodation to different luminanoes varies from 
individual to individual, thus accommodation times for 
calculating transition lengths are based on statistical 
evidence. Lengths shown in the table are based on the 
accommodation time for 75% of individuals; lengths in 
parentheses are for 50% of individuals. 

SITE SOMBER CLEAR VERY BRIGHT 
(vegetation, (walls,sky) (white chalk 
sunscreens, bluff, very 
somber sur- bright, 
faces, etc.) sunny sky) 

flaximal 
Illumination 1000 lux 1.500 lux 3000 lux 

Level in 
Entrance Zone 

Illumination Entry 
Level in Speed Length of Transition 

Interior Zone (km/hr} (meters) 
(lux) 

.50 60 170 (110) 21.5 (150) 2.50 (170) 
(rural) 80 245 (165) J0.5 (215) 350 (24.5) 

100, 320 (220) 395 (280) 4.50 (320) 
120 395 (27.5) 48.5 (34.5) 5.50 (395) 

120 60 10; (65} 1.55 (100) 180 (lLv; 
(urban) 80 160 (100) 225 (1.50) 260 (180) 

100 215 ( 135) 295 (200) J40 (240} 
120 270 (170) 1 J65 (2,50) 420 (JOO) 

Note: Illumination levels measured at the roadwax. 

5Tunnel speeds will probably be limited below this figure; 
however, it is useful to provide figures for this higher 
speed as motorists unfamiliar with the route or surprised 
by the tunnel may very well enter the tunnel at this higher 
speed. 

; 
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J.13 Remarks on ApPlication 

* The rate of decrease in illumination through the 
entrance zone will not be uniform. The effect of 
the luminous environment at the entrance, corres­
ponding to a spatial adaptation, is the controlling 
factor in the first part of the entrance zone. The 
effect of the vehicle's speed, corresponding to a 
temporal adaptation, is the controlling factor in 
the final part of the transition zone. 

* The illumination levels specified under 11 Maximal 
Illumination Level in Entrance zone" correspond to 
differing maximal exterior luminances. Because, 
for a given tunnel, these exterior conditions are 
variable with the season, provision must be made 
for intermediate levels of illumination whioh will 
correspond to the most commonly encountered levels 
of exterior luminance. 

3.131 Preliminary Design 

As a first approximation, the preliminary design should 
provide for the maximal illumination level (as defined 
in the above table) for a length of J0-50 m. from the 
entrance, followed by a linear decrease in illumination 
through the remainder of the entrance zone, until the 
chosen value for the interior zone is reached at the 
end of the entrance zone. 

* The following schema offers an example of such a 
design. We are here concerned with what might be 
termed a simplified. method, destined to facilitate 
preliminary design requirements. (The results of 
this method are conservative.) 

1500 tux 

3 95 

50 Lux 

.. 
SENS DE CIRCULATION 

DES VEHICULES 
(direction of traffic flow 

500 Lux 

/S,!irl1ef 
(e,it) 

80 

Entry Site: Clear Speed: 100 km/hr 
Sample Lighting Scheme 

(Rural expressway) 
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* When the illumination level for the interior zone 
is neither 50 or 120 lumens, the length given in 
the table can be interpolated or extrapolated to 
yield proper entrance zone lengths. 

3.132 Advanced Preliminarz Design 

The decrease in levels of illumination through the 
entrance zone is usually not linear, but rather it 
is discontinuous my stages. 

It is generally necessary to make actual site 
tests in order to determine the precise levels of 
exterior luminance as well as their seasonal varia­
tion. Such tests will determine the required inter­
mediate levels for the entrance zone and may possibly 
cause modification of the maximal level of entrance 
lighting. The measurements must be spread out over 
several seasons and completed after the project is 
und.erway.b 

J.2 Exit zone (for One-wai Tunnels} 

The accommodation required to pass from the low level 
of interior illumination to the higher level of exterior 
illumination is very rapid and does not pose any problems 
for user safety. 

In addition to the dazzlement whioh is due to the 
luminous exit, it is necessary to mention that in all 
one-way tunnels, regardless of the type of ventilatior 
there is an induced flow of air in the tunnel towards 
the exit. Illuminated by the high intensity exterior 
illumination, these emissions form a luminous haze 
which further decreases the motorist's visibility. 

In order to attenuate these irritations, it is 
desirable to make provision for an augmentation of 
illumination levels beginning about 60-80 m. ahead. of 
the exit (constituting the so-called exit zone). The 
illumination level must increase linearly from the 
level of the interior zone to a value of about 500 
lumens at the exit. 

6nemember that the construction of the tunnel (creation of 
luminous surfaces above the portals, rmoval of vegetation, 
etc.) will modify the luminous environment of the entrance, 
possibly leading to an under-estimation of lighting require~ents. 
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The foregoing remarks must be adapted to the 
type of ventilation system used in the tunnel. A curve 
in the tunnel near the exit will, on the other hand, 
permit lower levels of exit zone illumination as there 
will be no problem with dazzlement of the motorist. 

J.J Interior zone 

Once the adaptation of the motorist has been effected 
in the entrance zone, lighting in the interior zone 
must satisfy the following needs: 

* Visibility. Any object of the roadway must be easily 
vlsible at a distance greater than the vehicle's braking 
distance. 

* Guidance of vehicles. Lighting must be sufficient to 
permit proper guidance of vehicles in the tunnel. 

* Qualitl of lighting. 

Various factors combine to provide these three 
qualities, among which, of course, is the adopted level 
of illumination. 

3.31 Rural Sites 

In rural sites, it is safety considerations which are 
most important for the determination of the proper 
level of illumination. 

These levels in the interior zone depend in a 
complex fashion on the speed of vehicles 1 air quality 
in the tunnel, and the nature of the lighting. 

Nevertheless, considering typical traffic speeds, 
lighting installations, and ventilation systems, a level 
of 50-100 lumens at the roadway will be very satisfactory. 

3.32 Urban Sites 

The traffic density, air quality, and use-frequency by 
individual motorists leads to a higher level of illumina­
tion in the interior zone of urban tunnels. 

It 1s necessary to place great importance on the 
uniformity of lighting and light sources, as well ,s 
on the gel'}eral luminous environment in the tunnel. 

?The type of lighting, for example, influences the comfort 
of the user: continuous lighting avoids the disagreeable 
flicker-effect of lighting which 1s discontinuous or unaligned. 
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In these cases, one normally adopts an illumina­
tion level of about 100-200 lumens in the interior zone. 

J.33 Reduced Lighti~ 

Economic oonsiderations not withstanding; it is necessary 
to reduce the illumination level during the night because 
the tunnel approaches are generally less well lighte~ at 
night (if they are lighted at all). One plans for two 
intermediary regimes in addition to those discussed in 
3.31 and J.32: 

* Dusk and evening (hours of heavy traffic). 

* Night (hours of light traffic}. 

In general these intermediary regimes are o-:~tained 
by powering the lighting equipment through several inde­
pendent circuits, thus permitting their independent 
operation. In order to equalize their operating lives, 
the equipment should be utilized on a rotating basis. 
Lighting during dusk and evening periods should be about 
half that of the daylight period, while lighting during 
the night-time period should be 15-30 lumens depending 
upon the lighting of the approaches. (The lower limit 
is for unlighted approaches.) 

In tunnels equipped with continuous strings of 
lights, it 1s sometimes wise to conserve the uniformity 
of the lighting in the low and intermediate regimes by 
varying the intensity of all the lights in such a man~er 
as to acquire the proper illumination levels. (This 
be accomplished using rheostats and multi-power ballas~&.) 
This technqiue has certain drawbacks and should not be 
employed except in limited cases. 
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Chapter 4. J.llumi.Pation Levels in Short Tunnels 

More than for long tunnels, the illumination of short 
tunnels presents problems which are unique to each 
tunnel. E~vironment and traffic characteristics 
(nature and density) play a determining role. In each 
these considerations require a detailed analysis. 

On.e may distinguish: 

* Urban tunnels which are in fact underpasses of 
great length. 

* Expressway/thruway tunnels. 

* Two-way rural tunnels. 

4.1 Urban Tunnels 

Generally located on a major artery, these tunnels consti­
tute a point of considerable importance for the smooth 
flow of traffic along the artery. 

* At the extremities of the tunnel it is necessary to 
ad.opt the aforJ!lll&ntioned criteria .for the entrance 
!!!nd elCJ: t zones for long tunnels. Even in cases of 
low vehicle speeds, this wlirresult in an almost 
total suppression of the interior zone of the tunnel. 

The illumination. level in the tunnel should not, 
in any case, be less than 200 lurnens. 

* A very good luminous enviro~.ment must be provided in 
the tunnel, not only through the choice and location 
of lighting, but'as well through the use of diffusive 
wall surfaces and light-colored roadways. 

4.2 Expressway Tunnels 

From a technical point of view it would be very desirable 
to treat all these tunnels as urban tunnels; any attempt 
in this direction cannot be criticized on technical 
grounds. Nevertheless, investment costs demand more 
economical solutions. Because of higher vehicle speeds, 
the short length of the tunnel does not permit, by cus­
tomary mean.a, the desired accommodation. This problem 
is further complicated by the fact that the exit appears 
{from the tunnel entrance) as a very bright spot. 
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Because of the nature of the traffic, it 1s much 
more important to insure proper vehicle guidance through 
the tunnel than to provide a high level of illumination 
in the tunnel. The tunnel walls are generally left in 
a rough, unpolished state in order to prevent reflection. 
Studies presently under way have, however, been directed 
towards installations involving: 

* Batteries of floodlights at the tunnel entrance, 
directed with the traffic in such a manner as to 
illuminate the entrance as well as provide a very 
intense vertical illumination of possible obstacles 
on the roadway. 

* Continuous line lighting in the interior zone, located 
along the le~.gth of the tunnel walls, and oriented in 
such a manner as not to blind the approaching motorists. 

Experimentation will determine the feasibility 
of this type of installation. 

It is necessary in these cases to consult the 
appropriate Agency in every case. 

4.j Rural Tunnels 

In rural tunnels the speed and density of the traffic 
are low because of the limited capacity of the approac~es. 

The level of illumination at the entrances can be 
reduced to a third that of permissible levels for long 
tunnels. Vehicular guidance through the rest of the 
tunnel can also be insured by use of continuous line 
lighting. 



Chapter 5. improving Tunnel VisibilitI 

5.1 Tunnel Exterior 

5.11 The illumination of the entrance zone of the tunnel 
constitutes, in generg1, a significant part of the 
total lighting costs. If cost reductions are 
necessary, the effort should be directed towards 
the entrance zones, taking cape not to fall below 
minimal levels of illumination. 

98 

The importance of the luminous environment at 
the tunnel entrances in determining the required level 
of illumination in the entrance zone requires that an 
effort be made to decrease the luminance of this 
environment. 

Insofar as it is possible, it is worthwhile to: 

* Treat or mask concrete facades, walls, and other 
light-colored surfaces surrounding the portal with 
vegetation and dull coverings. 

* Make provision for a dark road surface of a bituminous 
material, including the use of dark aggregate. 

* Provide for rows of trees or soreens which will mask 
to the extent possible the sky and distant horizons, 
thus blocking out the sun, particularly when it is 
low on the horizon.9 

* Use sunscreens (cf. Chapter 8). 

5.12 By way of illustration, the following table gives 
representative values for the luminance of a tunnel 
entrance, under similar site and light conditions, 
for a variety of different environments. The table 
permits a comparison of the relative influence of 
the different environments. 

8For example, the entrance zone for a tunnel l km in length 
may comprise 60-80% of the tunnel length. 

9s1milar considerations obtain for tunnel exits. 
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Because of the nature of the traffic, it 1s much 
more important to insure proper vehicle guidance through 
the tunnel than to provide a high level of illumination 
in the tu:rmel. The tunnel walls are generally left in 
a rough, unpolished state in order to prevent reflection. 
Studies presently under way have, however, been directed 
towards installations involving: 

* Batteries of floodlights at the tunnel entrance, 
directed with the traffic in such a manner as to 
illuminate the entrance as well as provide a very 
intense vertical illumination of possible obstacles 
on the roadway. 

* Continuous line lighting in the interior zone, located 
along the le~.gth of the tunnel walls, and. oriented in 
such a manner as not to blind the approaching motorists. 

Experimentation will determine the feasibility 
of this type of installation. 

It is necessary in these oases to consult the 
appropriate Agency in every case. 

4.3 Rural Tunnels 

In rural tunnels the speed and density of the traffic 
are low because of the limited capacity of the approaches. 

The level of illumination at the entrances can be 
reduced to a third that of permissible levels for long 
tunnels. Vehicular guidance through the rest of the 
tunnel can also be insured by use of continuous line 
lighting. 



Chapter,. JmRrovin_s Tunnel V1s1bil1tI 

5.1 Tunnel Exterior 

5.11 The illumination of the entrance zone of the tunnel 
constitutes, in generg1, a significant part of the 
total lighting costs. If cost reductions are 
necessary, the effort should be directed towards 
the entrance zones, taking ca.Pe not to fall below 
minimal levels of illumination. 
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The importance of the luminous environment at 
the tunnel entrances in determining the required level 
of illumination in the entrance zone requires that an 
effort be made to decrease the luminance of this 
environment. 

Insofar as it is possible, it is worthwhile to: 

* Treat or mask concrete facades, walls, and other 
light-colored surfaces surrounding the portal with 
vegetation and dull coverings. 

* Make provision for a dark road surface of a bituminous 
material, including the use of dark aggregate. 

* Provide for rows of trees or screens which will mask 
to the extent possible the sky and distant horizons, 
thus blocking out the sun, particularly when it is 
low on the horizon.9 

* Use sunscreens (cf. Chapter 8). 

5.12 By way of illustration, the following table gives 
representative values for the luminance of a tunnel 
entrance, under similar site and light conditions, 
for a variety of different environments. The table 
permits a comparison of the relative influence of 
the different environments. 

8For example, the entrance zone for a tunnel 1 km in length 
may comprise 60-80% of the tunnel length. 

9s1milar considerations obtain for tunnel exits. 
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Type of Environment Luminariee 
(lux/m2) 

Sea. 6000 
Light-colored cliff 5000 
Clear sky 4000 
Gray rock 3000 
Sunny road surface 3000 
Vegetation (trees) 1000 
Shaded road surface 300 

The foregoing data (which is only approximate) 
suggests that substantial savings in entrance zone 
lighting can be achieved by a proper treatment of 
the entrance environment. Such a treatment is cost 
effective because it lowers the required Maximal 
Illumination Level (of. table 1~ J.12). 

On a rural expressway, for example, the placement 
of dspk screens and vegetation can achieve a savings of 
20-50% on lighting costs. 

5.2 Tunnel Interior 

In the tunnel interior, various techniques are a•ailable 
for improving conditions of visibility am ve~icle guidance, 
while at the same time limiting !~vestment costs on neces­
sary lighting. 

5.21 Some of these possibilities are enumerated below: 

* An appreciable diminuation of the dazzlement due to 
the tunnel exit can be achieved simply by designing 
the tunnel with a very slight curvature near the 
extt. The same curvature at the entrance will also 
contribute to a diminuation of required lighting in 
the entrance zone because the luminanoe of the tunnel 
walls (particularly when they are lighted) is generally 
greater than that of the tunnel interior. 

* This same pall effect should be exploited in cases 
where it is necessary that the tunnel have a very 
pronounced curvature, particularly when the tunnel 
is short. In these oases, it is necessary not only 
to improve the luminous environment in the tunnel 
and to combat the dazzle effect of the exit, but 
above all it is ,necessary to provide positive 
guidance for the motorist. Besides a higher 
luminance of the concave wall, the light sources 
must signal very clearly the curvature of the tunnel, 
permitting the motorist to perceive this curvature 
before entering the tunnel. 



* The adoption of a light-colored roadway in the 
tunnel can effect a reduction in lighting of about 
JO%. There are several possible ways to achieve 
this effect (oonorete, light or translucent aggre­
gates, special treatment of surface, etc.). Use 
of light-colored, diffusive eoveri~.gs on the walls 
will also achieve a significant improvement in 
tunnel visibility. 
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* Good vehicular guidance will always contribute to 
user safety, if not always to an improved visibility. 
This guidance may be achieved -- and maintained 
during tunnel use -- by means of lights or reflectors 
or painted stripes that will guide the motorist 
through the tunnel. 

5.22 While the foregoing recommendations are applicable to 
all tunnels, particular attention must nevertheless 
be paid to tunnels which have ascending and descending 
grades. 

* In the ease of subaqueous tunnels, it is necessary 
to pay particular attention to the celling of the 
entrance zone (when the grades are steep), for the 
ceiling will limit the visual field of the motorist 
and must be sufficiently well illuminated. 

* Conversely, tunnels having a humped (convex) grade 
suddenly present the motorist coming over the rise 

with the very bright exit zone. In these oases as 
well it is necessary to treat the ceiling, beginning 
exit zone from the point where the tunnel exit 
first becomes visible. 

As usual, these remarks are meant only as general 
indications; each case will require a detailed study. 



Chapter-6. Installation of Lighting 

6.1 General Considerations 

The choice and location of lighting in tunnels obeys 
constraints that are quite different from those 
encountered in open-air lighting. 

6.11 Design of Lights 

Generally speaking, light sources should ·not be bare; 
rather they should be enclosed in fixtures for the 
following two reasons: 

* In order to direct the light radiation unto the 
roadway and walls (up to a height of 2 m.). 
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* In order to protect the light source from pollution 
deposits (the transparent parts of the fixtures are 
more easily cleaned than the source itself; also 
these parts do not have the same electrostatic 
properties as the source and therefore do not 
tend to attract these deposits). 

6.12 EoonOJ!lY: 

To the extent possible, lighting should be located within 
the available space in the tunnel cross~section, avoiding 
if possible any additional excavation for lighting alone. 

In certain cases however, particularly in major 
urban tur:i.nels carrying heavy traffic flows, it may be 
necessary to locate the lighting in special galleries 
which will require added excavation. Technically 
speaking, this plan greatly facilitates maintenance, 
but it also increases initial and long-term investment 
costs because it requires higher powered equipment and 
thus leads to increased energy consumption. The increased 
comfort for tunnel users demands a careful cost-benefit 
analysis in each case. 
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6.13 Requirements 

The lighting must possess the following characteristics: 

* High luminous output. 

* Uniform illumination of the tunnel interior. 

Over and above the photometric characteristics 
of each fixture, which is of course important, it is 
necessary from the very beginning to plan tor an 
installation which will provide a uniform illumina­
tion. The visibility of obstacles 1s greatly enhanced 
if they are perceived against a uniform background 
having no shaded areas.IO . 

This requires in effect that the fixtures be 
rather closely spaced. 

* Non-dazzli!];g to motorists. 

This problem is posed by the low height of the 
fixtures. Although the problem ts practically non­
existent for florescent lighting, more luminous sources 
require special aocormnod.ation ·-- either with respect to 
location, or with respect to the design of the fixture 
itself. Recessing the light fixture into the ceiling 
often takes care of this problem. 

* Imperviousness of the fixture. 

This 1s absolutely necessary in order to preserve 
both mechanical and optical properties. In street 
lighting this characteristic is often considered (perhaps 
mistakenly) to be of secondary importance. Nevertheless, 
the fouling of an open-air fixture is much less rapid 
than that of a tunnel fixture, primarily because the 
amount of powder and soot in the open air is much less. 
Moreover, the motorist is much less sensitive to a 
deterioration of street lighting because of the great 
diversity in the types of installations presently is use. 

6.14 Maintenance 

Maintenance is a major consideration both because of the 
number of hours required each year for the task as well 
as because of the frequency of maintenance operations 
which are rendered very difficult by traffic circulation, 
jeopardizing the safety or both motorist and maintenance 
personnel. From the time of preliminary design, it is 

101n practice, luminance 1s difficult to measure; therefore 
one takes into account the uniformity of illumination. 
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Tiecessary to consider alternatives that will facilitate 
lighting maintenance (e.g., a slight widening of the 
roadway). 

Whatever the technique adopted, except in the case 
of special lighting galleries, maintenance in the tunnel 
is possible only by means of a vehicle having a platform 
which permits direct acce~s to the lights •. It is impor­
tant that this vehicle create as little disruption as 
possible of the traffic circulation; the strings of 
light fixtures should be located accordingly. 

6.2 Location of Fixtures 

Apart from the general cross-section of the tunnel, which 
is chosen on the basis of a variety of criteria (geology, 
ventilation, function of the tunnel, cost, etc.), the 
location of light fixtures is conditioned by maintenance 
requirements, the photometric characteristics of the fix­
tures, and the power of the sources themselves. These 
considerations combine to limit the possibilities of 
location. 

6.21 vaulted Tunnels 

For struotural reasons these tunnels are limited to 
two and three lanes. The installation of two later,s.l 
strin~s in the interior zone of the tunnel will give 
the necessary illumination. Even in a two-lane tunnel 
it is unwise to install only a single string of fixtures, 
not only because of the resulting maintenance difficulties, 
but also because of the guidance effect which tends to 
draw motorists toward the center of the roadway since 
the center will be better lighted than the extremities. 

The solution here is to locate the fixtures on 
the tunnel walls, at a height of 4-5 m. 

The installation of reinforcement lighting in the 
transition zones (entrance and exit zones) creates no 
problem because of the available space. 

6.22 Tunnels of Rectangular Cross-section 

Included in this category are those vaulted tunnels 
having a ventilation gallery in the upper portion of 
the cross-section. The false ceiling results in the 
same rect.angular cross-section. 
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6.221 Special Lighting Gallery 

It is possible to make provisions for a special gallery 
by enlarging the tunnel cross-section. The gallery is 
formed by installing a glass partition between the 
roadway and the tunnel wall,. The lighting. is attached 
to the tunnel wall, thus leaving a space between the 
fixtures and the glass partition which permits easy 
access. 

As was indicated in 6.12, although this solution 
is satisfactory from both a technical and aesthetic 
point of view, it is quite costly. The solution should 
be adopted only where the resulting convenience outweighs 
the added costs. Normally such a solution 1s employed 
only in heavily travelled urban tunnels. The added 
cross-sectional area necessitated by the gallery is 
about 1.0-1.5 m. in width and about 2.0-2.5 m. in 
height. The gallery is located about 2.0 m. above 
the roadway. 

In the case of a ventilated tunnel, ventilation 
galleries are located above the lighting galleries, thus 
significantly decreasing the added costs of this solu­
tion. 

A single gallery along one side of the tunnel 
can furnish an illumination level in excess of 2,000 
lumens for a two-lane tunnel. For three or four-lane 
tunnels, it is necessary to have a second lateral 
gallery on the opposite side of the tunnel. 

6.222 Traditional Solutions 

(1) Two and. three-lane tunnels 

The installation of a continuous line lighting in each 
of the corners (wall-ceiling) permits an easy solution 
of the lighting requirements in the interior zone of 
these tunnels. For two-lane tunnels, this solution 
will also suffice for the transition zones if one or 
two additional strings are added. For three-lane 
tunnels, two additional strings can be installed 
above the outside lanes. 

These installations require no increase in 
tunnel cross-section, as the fixtures are located 
above walkways or curbs. 



(11} Four and five-lane tunnels 

Here the lateral strings located in the corners are 
insufficient, even in the interior zone, unless one 
is willing to cover the entire tunnel wall with 
lights, at which point a special lighting gallery 
becomes preferable. 
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It is nevertheless possible, even iri the transi­
tion zones, to locate the lighting in continuous strings 
above the two outside lanes. 

Installation of lighting above the eenter lanes 
1s extremeli unsatisfactory if the fixtures are accessi­
ble only from the roadway, unless there are certain 
hours during which maintenance can be effected without 
disturbance or risk to the motorists. 

6.J Light Sources 

6.31 Criteria 

Light sources must be adapted to: 

* The needs of the motorist, as regards color, guidance 
effect (linear sources are preferred to point sources), 
and uniformity of illumination. 

* The required level of illumination. Because higher 
illumination levels require more powerful sources, 
it is necessary that the sources by efficient. 

* The available locations for the fixtures whioh will 
condition the photometric characteristics of the 
sources. 

* The operating conditions in the tunnel (maintenance 
and operating expenses, annual use of about 6,000 
hours , etc. ) • 

Except in special cases, these considerations eliminate: 

* Incandescent lamps. 

* Florescent lamps of the bulb-type. 

* Halogen or iodide lamps. 
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Choic~ of Sources 

Generally spea.king, th~ floresoent tube-ty:pe lamp is 
the best source for the interior zone for reasons of 
visualcomfort and appearance. Sodium sources are, 
on the other hand, more economical. 

In transition zones, on the other hand, there are a 
variety of possibilities; however, space requirements 
prevent t~e use of florescent lamps except in vaulted 
tunnels. As a result, low-pressure sodium vapor 
lamps are generally used, despite their monochromatism. 12 

Because ot the requirement that illumination be 
uniform, 180W sodium vapor sources are generally not 
used for providing illuminations of less than 250 lux. 

The following table shows the principal sources 
which are presently being employed in tunnel lighting. 

11For a three-lane tunnel, two continuous strings of 
florescent lamps can give an average illumination of 
150 lux. Twenty (20) strings would be required to 
obtain the average 1500 lux illumination level for 
the transition zone! 
12High pressure sodium vapor lamps have a more agreeable 
appearance, as they approximate daylight conditions more 
closely than do the low pressure lamps. At present, the 
technology is not well developed and they are available 
only in very high powers. Their use in the future will 
pose delicate problems regarding uniformity and linearity. 
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Tunnel Light Sources in current Use 

Source Power Luminous Flux Total Guaranteed 
(with (lux/100 hr) Efficiency Life 
ballast) (lux/watt) (hours) 
(watts) 

- . 

Quick-Start 55 2900 52 7000 
Florescent 

Tube 
40 W-1, 20m 

Quick-Start 90 4800 53 7000 
Floresecent 

Tube 
6.5 W-1, 50m 

Low Pressure 54 4400 81 6000 
Sodium Vapor 

Lamp 
35 W-0, Jlm 

Low Pressure 115 12500 109 6000 
Sodium Vapor 

Lamp 
90 W-0, .5Jm 

Low Pressure 16.5 21000 12? 6000 
Sodium Vapor 

Lamp 
135 W-0, 78m 

Low Pressure 210 )0000 143 6000 
Sodium Vapor 

Lamp 
180 W-1, 12m ' 

High Pressure 450 40000 90 5000 
Sodium Vapor 

Lamp 
400 W-0, 28m 



Chapter 7. Electric Power.Supply 

Besides the equipment located inside the tunnel, 
lighting requires special provisions for the supply 
of the necessary electric power. 

7.1 Hook~up with Utility Services 

A distribution point should be established at the 
head of each tunnel for providing the energy needs 
of the tunnel. The system's security will be greatly 
enhanced if each tunnel entrance can be supplied 
from different sources. 

7.2 Distribution Point 

Depending upon the length of the tunnel, it may be 
necessary to install several transformers. It is 
desirable not to exceed runs of about 1000 m •. for 
low tension lines. In each case a careful study 
must be conducted. 

7.3 Emer__g_ency Power 

Even if power is drawn from two different branches of 
the local utility's network, this does not provide a 
satisfactory degree of security. It is absolutely 
necessary to be able to main.tain power to at least 
a limited number of fixtures, providing at very least 
a definition of the tunnel's roadway. This requires 
an emergenol source,of power. At present a battery 
operated emergency system, under constant charge, is 
expensive, yet still much cheaper than a diesel 
generator system {which must be run continuously). 
As well, it provides a greater security as the battery 
systems are relatively trouble-free. 
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If ven.tilation requirements necessitate the 
installation. of a diesel system with automatic starting, 
the battery system should still be utilized. But because 
this system will be under load only during start-up of 
diesel generator, the capacity of the batteries can be 
significantly reduced. 

The emergency illumination will be on the order 
of 1/6 of the normal interior zone level, but not less 
than 20 lwnens. 



Chapter 8. Sunscreens (Paralumes) 

Achieving high levels of illumination at the tunnel 
entrances by means of artit'icial lighting is always 
very costly. When. the site lends itself to it, the 
use of sunscreens is particularly effective as a 
mea~s of attentuating exterior luminance, permitting 
only a part of the incident luminous flux to reach 
the roadway. 

8.1 Advantages 

Investment in. sunscreens is, as a general rule, mor~ 
eoon.omical thari is recourse to a reinforcement of 
the artificial lighting in the transition zones in 
order to achieve the same level of illumination on 
the roadway. 

Sunscreens lead to important savings in operat~M 
costs, permitting the use of florescent lights in the 
transitior1 zone -- something that is often advantageous 
in urban sites. 

The use of sunscreens at the tunnel exit is less 
necessary than at the entrance, but in certain cases 
their use permits the avoidance of dazzlement. 

8.2 Structural Considerations 

Direct sunlight should not be permitted to strike the 
roadway through the sunscreen. This condition is easily 
satisfied when one is in possession of the proper solar 
diagraf§ which permit a graphic determination of sun 
angle. J But it is necessary as well to take into 
consideration the tunnel grade at the entrance (or exit), 
as well as the surrounding enviroment. 

Neither should direct sunlight be permitted to 
strike the ~oadway laterally (around the sides of the 
sunscreens). Where the tunnel entrance is in a cut, 
this condition is satisfied almost automatically. 
Where the tunnel entrance is exposed, it is necessary 
to increase the area covered by the screens, or else 
to use vertical screens (walls or plantings). 

13French Government Documents #51 and #52 (Cahiers 407 and 414 
of October 1961) of the comite Scientifique et Technique du 
Batiment, 49 Avenue Recteur Poinoare, Paris 16e, are applicable 
to any latitude whatsoever. 



8.J Ph~etric COl?:§ider~~Jons 

Sunscreens must: 

* ~ave the same coefficient of transmission whatever 
the luminance of the sky. The extremes here are, 
on the one hand, a clear blue sky (the incident 
luminous flux coming directly from the sun alone) 
and, on the other hand, a sky where the sun is 
entirely hidden by clouds or fog (the luminous 
flux coming uniformly from all points in the sky). 
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* Have a coefficient of transmission which is at first 
constant, then decreasing as one approaches the tunnel 
entrance. This decrease must obey the previously 
discussed laws for proper accommodation to the 
decreasing luminance. The maximal coefficient of 
transmission at the extremity of the sunscreen 1s 
on the order of 10-13%. 

8.4 Types of Sunscreens 

* Closed type: constructed of a translucent material
1 often plastic or fiberglass. Their coefficient 

depends largely on their dirtiness, thus they require 
constant attentio~. As a result, their use is very 
limited and not recommended. 

* Open type: constructed of grills composed either of 
only vertical surfaces (honeycomb or lathing laid 
across beams), or of a combination of vertical and 
inclined surfaces (made of concrete, aluminum, or 
plastic). 

--------



Chapter 8. sunscreens (Paralumes) 

Achieving high levels of illumination at the tunnel 
entrances by means of artificial lighting is always 
very costly. When. the site len.ds itself to it, the 
use of sunscreens is particularly effective as a 
mea~s of attentuating exterior luminance, permitting 
only a ~art of the incident luminous flux to reach 
the roadway. 

8.1 Adva!1tages 

!~vestment in sunscreens is, as a general rule, more 
econ.omical than is recourse to a reinf orceme:nt or-­
the artificial lighting in the transition zones in 
order to achieve the same level of illumination on 
the roadway. 

Sunscreens lead to important savings in operat).l]g 
costs, permitting the use of florescent lights in the 
transition zone -- something that is often advantageous 
in urban sites. 

The use of sunscreens at the tunnel exit is less 
necessary than at the entrance, but in certain cases 
their use permits the avoidance of dazzlement. 

8.2 Structural Considerations 

Direct sunlight should not be permitted to strike the 
roadway through the sunscreen. This condition is easily 
satisfied when one is in possession of the proper solar 
diagraf§ which permit a graphic determination of sun 
angle. J But it is necessary as well to take into 
consideration the tunnel grade at the entrance (or exit), 
as well as the surrounding environment. 

Neither should direct sunlight be permitted to 
strike the ~oadway laterally (around the sides of the 
sunscreens). 1,,'here the tunnel entrance is in a cut, 
this condition is satisfied almost automatically. 
Where the tunnel entrance is exposed, it is necessary 
to increase the area covered by the screens, or else 
to use vertical screen~ (walls or plantings). 

lJFrench Govern..ment Documents #51 and #52 (Cahiers 407 and 414 
of October 1961) of the comite Scientifique et Technique du 
Batiment, 49 Avenue Recteur Poincare, Paris 16e, are applicable 
to any latitude whatsoevero 



8.3 Photometric Consider~~J~ 

Sunscreens must: 

* Have the same coefficient or transmission whatever 
the luminance of the sky. The extremes here are, 
on the one hand, a clear blue sky (the incident 
luminous flux coming directly from the sun alone) 
and, on the other hand, a sky where the sun is 
entirely hidden by clouds or fog (the luminous 
flux coming uniformly from all points in the sky). 
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* Have a coefficient of transmission which 1s at first 
constant, then decreasing as one approaches the tunnel 
entrance. This decrease must obey the previously 
discussed laws for proper accommodation to the 
decreasi~.g luminance. The maximal coefficient of 
transmission at the extremity of the sunscreen 1s 
on the order of 10-13%. 

8.4 Types of Sunscreens 

* Closed type: co11structed of a translucent material, 
often plastic or fiberglass. Their coefficient 
depends largely on their dirtiness, thus they require 
constant attentio~. As a result, their use is very 
limited and not recommended. 

* Open ty~~: constructed of grills composed either of 
only vertical surfaces (honeycomb or lathing laid 
across beams), or of a combination of vertical and. 
inclined surfaces (made of concrete, aluminum, or plastic}. 

-------·-



Chapter 8. Sunscreens (Paralumes) 

Achieving high levels of illumination at the tunnel 
entrances by means of artificial lighting is always 
very costly. When. the site lends itself to it, the 
use of sunscreens is particularly effective as a 
mea:rs of attentuating exterior luminance, permitting 
only a part of the incident luminous flux to reach 
the roadway. 

8.1 Advantages 

Investment in sunscreens is, as a general rule, mor~ 
eco:n.omical thari is recourse to a reinforcement of 
the artificial lighting in the transition zones in 
order to achieve the same level of illumination on 
the roadway. 

Sunscreens lead to important savings in operat~.!}g 
costs, permitting the use of florescent lights in the 
transitio11 zone -- something that is often advantageous 
in urban sites. 

The use of sunscreens at the tunnel exit is less 
necessary than at the entrance, but in certain cases 
their use permits the avoidance of dazzlement. 

8.2 Structural Considerations 

Direct sunlight should not be permitted to strike the 
roadway through the sun.screen. This condition is easily 
satisfied when one is in possession of the proper solar 
diagraf§ which permit a graphic determination of sun 
angle. J But it is necessary as well to take into 
consideration the tunnel grade at the entrance (or exit), 
as well as the surrounding environment. 

Neither should direct sunlight be permitted to 
strike the ~oadway laterally (around the sides of the 
sunscreens). Where the tunnel entrance is in a cut, 
this condition is satisfied almost automatically. 
Where the tunnel entrance is exposed, it is necessary 
to increase the area covered by the screens, or else 
to use vertical screens (walls or plantings). 

lJFrench Government Documents #51 and #52 (Cahiers 40? and 414 
of October 1961) of the Comite Scientifique et Technique du 
B&timent, 49 Avenue Recteur Poincare, Paris 16e, are applicable 
to any latitude whatsoevero 



Sunscreen.a must: 

* qave the same coefficient of transmission whatever 
the luminance of the sky. The extremes here are, 
on the one hand, a clear blue sky (the incident 
luminous flux coming directly from the sun alone) 
and, on the other hand, a sky where the sun is 
entirely hidden by clouds or fog (the luminous 
flux coming uniformly from all points in the sky). 
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* Have a coefficient of transmission which is at first 
constant, then decreasing as one approaches the tunnel 
entrance. This decrease must obey the previously 
discussed laws for proper accommodation to the 
decreasing luminance. The maximal coefficient of 
transmission at the extremity of the sunscreen 1s 
on the order of 10-13%. 

8.4 Types of Sunscreens 

* Closed type: con.structed of a translucent material, 
often plastic or fiberglass. Their coefficient 
depends largely on their dirtiness, thus they require 
constant attent1o~. As a result, their use is very 
limited and not recommended. 

* Open t~pe: constructed of grills composed either of 
only vertical surfaces (honeycomb or lathing laid 
across beams), or of a combination of vertical and 
inclined surfaces (made of concrete, aluminum, or 
plastic). 
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Chapter 9. Glossary of Terms 
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Chapter 1. Introduction 

1.1 Purpose of S~ct!on 

Even before the tu~nel is put into service, when the 
project is still in the design phase, it is important 
that the financial and technical aspects of tunnel 
utilization be taken into consideration. Failure to 
do so may result in a poorly designed tunnel that is 
dangerous to the user, incapable of carrying required 
traffic volumes, and both difficult and expensive to 
operate. 

113 

From the very inception of the project, certain 
considerations of a very beneficial nature must be borne 
in mind. 

1.11 Designyonsiderations 

Utilization considerations impinge upon tunnel design 
at three points: 

* Dimensioning of the tunnel geometry (emergency pull-offs 
and clearances) and design of the approaches {on whioh 
depend the safety of the user, and the modalities of 
maintenance and surveillance). 

* Structural provisions for pull-offs, shoulders, and 
command centers. 

* Special equipment required in tunnel or on approaches. 

1.12 Ut11_ization Consideratiops 

* The purpose of a well designed tunnel is to insure 
the safe passage of the traffic flows for which the 
tunnel has been designed. It is necessary, then, to 
determine the modalities of utilization and make 
provision for all possible emergency situations which 
may arise, irrespective of their gravity and expected 
frequency. 

These deliberations should lead to the writing 
of a manual which delineates the responsibilities for 
tunnel utilization. 

* Putting a tunnel into service generally involves major 
expenses, except in the case of very short tunnels. 
These operating costs should be borne in mind from 
the outset of project planning. 
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At the time of preliminary design, studies of 
short and long-term costs for the tunnel should be 
undertaken in order to determine the most economical 
design. Savings in the initial construction costs 
should be weighed against the long-term operating costs 
1n order to make sure that short-term savings are not 
later counteracted by greatly increased operating costs. 

1.2 Four Important Considerations 

1.21 Every decision regarding the construction of the tunnel 
is final. If proper provisions are not made at the out­
set, skilled management techniques will not be able to 
remedy the difficulty. 

1.22 The utilization of the tunnel cannot be divorced from 
that of its approaches (and sometimes even from that or 
the adjacent highway network), whether it be a question 
of traffic control, proper functioning of the tunnel 
itself, or problems of traffic signalization. 

1.23 Because of the complexity and multiplicity of sources 
of information (data), measurements, and control instruc­
tions, it is absolutely necessary for major tunnels that 
they have a centralized point of surveillance and control. 

The complexity of the procedures and instructions 
in emergency situations (breakdown, fire, accident, etc.) 
requires an automated system of control and. surveillance 
in major tunnels. 

1.24 Despite the obvious complexity of the required provisions, 
it should be pointed out that excepting the special diffi­
culties presented by safety, ventilation, and accessi­
bility requirements, tunnels are rather simple systems 
in which traffic is particularly well controlled. 

1.3 Limitations of Present Document 

1.31 As it is impossible to foresee every possible problem 
which may arise, only the most complex problems or 
tunnel utilization -- the limiting oases, as it were 
-- will be considered. 
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In Chapters J-8, therefore, we consider only those 
more difficult problems encountered in tunnels which 
meet the following three conditions: 

* Constant surveillance of traffic. 

* Ventilation. 

* Having its own Utilization Service. 

By way of example, our discussion will concer~1 
reasonably important urban tunnels {e.g., longer than 
1000 m.), heavily travelled rural tunnels (e.g., longer 
than 3000 m.), and very long tunnels in mountainous 
areas (e.g., longer than 4000 m.). 

Such an orientation of the discussion will provide 
the reader with the required information; as well as 
permit him an appreciation of the degree of complexity 
that can characteristic the utilization of these limiting 
oases -- an appreciation which is difficult to achieve 
from the successive study of particular cases. 

1.32 Of course, the provisions discussed in Chapters 3-8 are 
not applicable in their totality to all types of tunnels. 
Certain allowances can be made, notably in the traffic 
control systems, for less complex cases. The remarks in 
Chapter 9 are directed towards those cases in which the 
tunnel does not have its own Utilization Service. 

1.33 As a general rule, there should be a continuity of 
traffic control and regulations between tunnel and 
the rest of the route on which the tunnel is located. 

Nevertheless, it is necessary to bear in mind that 
tunnels often constitute a potential bottleneck on the 
route {due to tunnel geometry and the adverse environ­
ment); also they always pose special problems (limited 
emergency accessibility, special equipment requirements, 
necessarily rapid detection of breakdowns and accidents, 
etc.). 
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Chapter 2. Factors Influencing Tunnel Utilization 

The utilization conditions for a tunnel depend on a 
number of factors that may be considered as inherently 
given for the particular tunnel (e.g., the nature of 
the route, predicted traffic flows, location of approaches, 
probability of breakdowns or other emergency situations, 
ventilation requirements, and, to a certain degree, the 
tunnel geometry itself). 

It is, therefore, necessary to be completely 
knowledgeable of these parameters. If certain equipment 
purchases can be deferred until increasing traffic 
necessitates the purchase of this equipment, then very 
favorable provisions can be made at the time of preliminary 
design for the rational and economic utilization of the 
tunnel. 

The present chapter will describe the adverse 
consequences for tunnel utilization that result from 
poor design, enumerati~.g those factors that require 
careful consideration in tunnel design. 

2.1 Nature of the Route 

There are four essential aspects of this first factor 
which shouldbe borne in mind: 

* TYPe of tunnel (whether rural or urban, the degree and 
extent of surveillance of the route, speed limits, and 
traffic regulations). 

* Utilization of the Route on which the tunnel is located 
Tthruway, isolated-tunnel on heavily travelled route, etc.). 

* Direction of traffic in tunnel (one-way or two-way). 

* Relative usage of different lanes as a function of 
traffic density {e.g., center lane may be relatively 
unused). 

At a certain point in the planning process these 
four aspects constitute the immutable givens for the 
project, determining to a greater or lesser degree the 
complexity of tunnel utilization. 
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Tunnels having the following characteristics are 
subject to the most rigorous constraints on utilization: 

* Urban site. 

* Located on a route not kept under surveillance. 

* Two-way traffic, with a rarely used center iane. 

It is necessary to be aware of such constraints 
from the very beginning when provisions for surveillance 
and utilization. are put into operation. 

2.2 Nature of Appr~~ches 

From the point of view of tunnel utilization, the tunnel 
itself should not be dissociated from its approaches or, 
for that matter, from the routes that connect to these 
approaches. 

Even. at the time when decisions are being made about 
the tunnel's location, special attention. must be given to 
the layout, proxi!!!_itl, an.d availability of approaches. 

2.21 Situations to be Avoided 

Insofar as is possible, the following situations (in order 
of decreasing importance) should be avoided in the tunnel 
or on the adjacent approaches: 

* Insufficient distance between tunnel exit and first 
interchange below the tunnel, or any other poten.tial 
bottleneck that might back traffic into the tunnel. 

* Influx of slower moving traffic too close to the 
tunnel entrance {e.g., from an entrance ramp). 

* Lane changing by vehicles in tunnels or on immediate 
approaches. 

Besides considerations of capacity, fluidity, and 
increased engineering costs, these situations create 
serious safety problems and require increased ventila­
tion, lighting, and signalization in the tunnel. As well 
they require an increased capability for surveillance and 
emergency intervention. 
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2.22 Recommendations 

As a general rule, it is necessary to follow the 
recommendations outlined in Document 1 (Chapter 4) as 
regards the positioning of interchanges; however, 

* In long tur..nels or in urban tunnels subject to high 
traffic flows, ?upplementary interchanges-must be 
located above the tunnel in order to cope with 
situations which require closing the tunnel, even 
if closing is temporary. The alternative routing 
for detoured traffic must be preplanned and carefully 
marked. 

* Interchanges above and below the tunnel, if they are 
well placed, are useful -- indeed, indispensable -­
for proper tunnel utilization. In the case, for 
example, where a:n interchar1ge had not been located 
in close proximity to one or the other of the tunnel 
mouths on a thruway tunnel, the emergency cross-overs 
could be used to move traffic from one roadway to 
another. 

* It is useful, insofar as is possible, to provide 
emergency parki~.g along the approaches and in the 
medians 
- below the tunnel, in order to permit the stockpiling 

of vehicles between the tunnel exit and the first 
interchange {or other possible bottleneck), thus 
allowing better traffic control in the tunnel itself. 

- above the tunnel, so that when the tunnel is closely 
integrated_in the surrounding road network, there will 
be a storage area in case of bottleneck in the tunnel, 
thus preventing an immediate back-up into the rest 
of the system. 

2.3 Traffic 

A general discussion of the problem of traffic circulation 
can be found in Document 1. 

The following points are, however, particularly note­
worthy and should be taken into consideration: 

* The Eeak flows are of varying importance depending upon 
the nature of the route. It is when flows approach the 
congestion threshold that accidents and blockages in the 
tunnel become particularly likely. 

* Amount of heavy truck traffic, particularly if there is 
a significant grade. 
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Depending upon the projected traffic flows, notably 
during rush hours, tunnel utilization will be more or less 
closely supervised (Cf'. Chapter J below). 

Special regulations can be put into effect during 
periods of peak flow, fo1" example: 

* Prohibition of heavy trucks. 

* Use of alternative routings around tunnel. 

2.4 Emergencie~ 

2.41 General Remarks 

Incidents taking place in the tunnel itself can be 
exceptionally serious because of the potential risks 
for the motorists (as well as for the tunnel itself). 

It is useful to recall that subterranean sites 
are distinguished from surface structures in the 
following respects: 

* Access is limited to the two tunnel mouths (and 
possibly to intermediary accesses for pedestrians). 

* Visibility and other ambient conditions are quite 
different, usually of poorer quality than in. open air. 

* qestricted lateral clearances with continuous rigid walls. 

* Often high accumulations of pollutants. 

As a result, utilization conditions must be analyzed 
with respect to all possible emergency situations that can 
take place in the tunnel, considering as well their expected 
frequency and their perturbing effect on the traffic. 

These factors are a function. of the tunnel geometry 
(width of roadway, shoulder width, pull-offs, etc.). Cf. 
paragraph 2.5 below. 

2.42 Quantitative Data 

2.421 causes 

Generally four categories of emergency situations are 
distinguished; theiP causes (determined from an analysis 
of French tunnels presently 1n serviae) are given in the 
following table. The relative frequencies are given 
where known. 
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causes of Emergencies in Tunnels 
I 

Vehicle Breakdown Aecident Fire I Loss of Power 
I 

Out of gas 20-30% Passing .5-10~ Collisions I Storm or 
(in two-way I . snowfall 

Flat tire 10% Braking 20-801 tunnels) 
Utility 

Electrical or Speeding 0-60% Motor or breakdown 
mecha1:ical tire fires, 
problems 50-60% Disregarding sometimes Strikes 

I traffic spreading 
Cooling I signals 10-15% to cargo. 
system 10% 

! 

Total 100% 100% i 
"--- c 

2 .422 F~.§'9.uep~ of Occurre~Qe 

The followi~.g can be used for plannir~ purposes: 

Event 

BreakdOW!' 85-95% 

Accident 5-151 

Fire 

Loss of power 

i-- Frequency 

I 20 incidents/million vehicles 
/ per kilometer of tunnel 

Very rare 

12 times/year, not counting 
strikes. 

Breakdowns and accidents, comprising the great 
majority of emergencies, constitute (depending upon 
the grade, le~.gth, site, and nature of the approaches) 
about 12-30 incidents/million vehicles-kilometer of 
tunnel. The 20 i~c1dent figure given above 1s only 
an average. 

2.423 ;-:xan:iple 

An urbar tur.nel 1800 m. in length, having 4 lanes 
(2 in each direction), am an average traffic flow 
of 60,000 vehicles/day, can expect an average of 
about 800 emer~encies/year, or about 2/day (i.e., 
several per week durin~ rush ~our). 

-
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t?oad 1adth and Pul 1-offs 

J.!!!_no~ta~ce of Problem 

~efer to Document 1 for a detailed discussion of the 
notion of road width. 
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* load v:idth is a fundamer,tal elerr.ert aff ecti~ tunnel 
utilizatior.. ~he viability of and level of service i~ 
t~e tu~nel is decisively affected by it. 

* The c~oice of road width will depe~d upon the type of 
of route, the tunLel approaches, the composition and 
volume of traffic, and on the nrobabilities of emer­
~er.cy stopping for the various types of vehicles 
using the turnel. 

2.52 Conseauences of Choice of Road ·~i~th 

2 5~;, • c:,_ 

At t~e time of nrelimir.sry design, there is good reason 
to consider t~e savil"lR's on first investment costs which 
would result fro~ a decrease in road width; however, 
such ar, actioY'I. ca:i l-iave the followinp- conseque1:ces: 

* Safety 
-~~lticar accidents resulti~p- fro~ untimely braking 
or lane c,.,a~~i~~. 

-d.arts:er for motorist w:10s e vehicle has broken down. 
-limited accessibility for er.erge~cy service, with 

a resultin~ increase in disruption time. 

* Level of Service 
-slowdowns a'.nd bottlenecks in event of a breakdown. 
-nerilianer.t reductio~ of maximum tunnel flows or speeds. 
-~equired iiversio~ of tunnel traffic to adjacent 
road system whe"iever tl-J.ere is ar accident or break­
dow~ in the tunnel, with a resultin~ traffic problem 
or. those roads. 

Conse5tu~~_ri9es f_o_;-... JLt_i_Jiz_ati9n .§1}9, __ Investment Costs 

* 0 eauires ar ultra-~apid detection of breakdowns 
a!"'d accider,ts. 

* 'Qequires a substantial emerg-ercy service. 
- teams ir. state of perma~ent readiness. 
- very co~plex signalizatio~. 
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* Increased ventilation and lighting requirements. 

* Necessity for emergency pull-offs (Cf. Chapter 5). 

While these requirements cannot be quantified 
using traditional techniques, the figures given in 
2.42 on breakdowns and accidents permits some appre­
ciation of these consequences. 

2.6 Grade and Length 

2.61 Tunnel Grades 

Insofar as possible, grades should not be in excess of 
1( in long tu~nels. Although not always feasible in 
practice, this recommendation certainly embodies the 
spirit within which turmel design is to be pursued. 

* Excessive grades diminish the tunnel's traffic capa­
city, necessitating a supplementary lane for slow­
moving vehicles, thereby augmentin~ ventilation and 
other costs. 

* Changes in the longitudinal profile, such as those 
encountered in subaqueous tunnels, introduce discon­
tinuities in. the traffic flow, even for lighter 
vehicles. 

Special provisions for traffic control are, in 
such cases, necessary both at the en.trance and throughout 
the tunnel in order to maintain a smooth flow at full 
capacity. 

2.62 Grades on Approaches 

* At the entrance, excessive grades must be avoided 
as they slow heavy trucks, increase exhaust emissions, 
decrease capacity, etc. 

* At the exit as well grades must be avoided, as they 
create slowdowns and bottlenecks which can propagate 
back into the tu~.nel. 

2.63 Tunnel Length 

Ventilation requirements, the risk for the user in case 
of emergency, and the difficulties attendant to emergency 
intervention all increase with tunnel length. 

Tunnel length is, therefore, an important factor 
in determining the degree of surveillance to be maintained. 
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2.7 Ventilation 

Whether or not the tunnel is ventilated is an important 
factor in the determination of the modalities of tunnel 
utilization. (Ventilation requirements were discussed 
in Section 1 of this document.) 

* The fact that a tunnel is ventilated does not require 
that the tunnel be the object of constant surveillance. 
The ventilation system can easily be automated. 

* In rural tunnels that carry light traffic, the operation 
of the ventilation system can be automated, and the 
tunnel need not be under constant surveillance. In 
urban sites, on the other hand, all ventilated tunnels 
must be kept under constant surveillance. · 

* Operation of the ventilation system is necessarily 
accompanied by various ancillary activities such as 
measuring traffic flows and pollution levels; this 
requires the presence of at least part-time surveillance 
and maintenance personnel, even in cases where full-time 
surveillance is not required. 

2.8 Surveillance 

In the foregoing discussion, the followi~.g seven(?} factors 
have been singled out as operative in determing the modali­
ties of tunnel utilization: 

1- nature of the route 
2- nature of the approaches 
3_• traffic 
4 emergencies 
5- road width 
6- grades and length 
7- ventilation 

Faced with the impossibility of envisioning all 
possible cases, Chapters J-8 of the present document 
will be concerned only with utilization problems in 
tunnels meeting the followir.g three comitions: 

* Permanent surveillance of traffic. 

* ventilation. 

* Having its own Utilization Service. 

The problems associated with unventilated tunnels 
as well as ventilated tunnels, but not having their own 
Utilization Service, are analyzed in Chapter 9. 
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Chapter J. Traffic Control 

As was explained in the previous chapter, the tun.~els 
discussed below do not permit the dissocation of tunnel 
utilization from that of its approaches or of the adjacent 
road system. 

The expected frequency of emergencies demands the 
adoption of very thorough provisions for their control 
and disposition. ~ffi~iency and qui~kness are essential 
in order to avoid the serious consequences that any 
tunnel emergency may engender. 

3.1 Objective~ 

3.11 Safey - The maintenance of safety under all circumstances 
supposes that the followi~_g conditions are respected: 

* 'Rapid detection, localization, and interpretation of 
the nature of the emergency (breakdowns, accidents, 
fires, etc.). 

* Insured accessibility of emergency equipment to the 
site of the incident, something that is not easy in 
the case of one-way tunnels carrying heavy traffic. 

* "'recessary means for insuring that the initial incident 
does not create others. · 

* Capability of limiting the flow of traffic in the 
tunnel in the event maximum acceptable pollution 
levels are exceeded. 

3.12 gapacity - The maintenance of traffic capacity supposes 
the following conditions: 

* Rapid detection and disposition of emergencies. 

* Surveillance of traffic flow duriM normal circum­
stances in order to insure that the point of optimum 
flow on the speed-volume curve is not exceeded. Where 
this point will be exceeded, the control procedure 
consists of a partial or total closure of the tunnel 
in a carefully studied cyclic manner, either by holding 
the traffic above the tunnel or by diverting it throu~h 
alternative routes. 



* Provisions for changing the direction of flow in 
certain lanes in order to adapt to variations in 
traffic directionality. 
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* In cases where an incident partially or totally 
blocks the tunnel, provision for freeing v.ehicles 
blocked in the tunnel as well as for the redirection 
of traffic arriving at the tunnel. 

3.13 Operation of Tunnel Egu:iJ?!nen~ 

Here it is essentially a matter of insruing the presence 
of those factors necessary for the automated operation 
of the following systems: 

* Ventilation, which requires the constant regulation 
of traffic flows (and perhaps speeds). 

* Li~htin..g, which must be adapted to traffic flows. 

3.14 Statistical ~eeds 

These are less important for the immediate functioning 
of the tunnel thari. for predicting future poirits and dates 
of saturation of existing facilities. 

3.2 Means of Traffic Control {Drawings 1 and 2) 

3.21 t1eans of Detecti11_g Anomalies -- Sensors (Drawing 1) 

Measures of traffic characteristics must be effected 
at several points along the route, both in the tunnel 
and on the approaches. 

3.211 In the Tu~..nel 

* Dependin~ upon the importance of the tunnel and the 
gravity of the effects which could result from sudden 
co~_gestion or an emergency incident, the traffic 
conditions must be known, at each moment, with a 
varying degree of precision. 

* The procedure consists of dividing the tunnel into 
successive "blocks" [as per railroad signal blocksl 
150-300 m. in length, preferably averaging about 
200 m. as this is the maximum effective range of 
television cameras (cf. J.22). 
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* At the ends of each block, there should be means 
for detecting any abnormal slowdowns or concentra­
tions of traffic for each lane in the block. -- --- ---

Measurements can be of two sorts: 

* Differential measurements effected at both euds of 
the block (e.g., flow measurements). 

* Direct measurements of speed, density, concentration, 
and vehicle heights (using radar, etc.). 

3.212 4bove the Tunnel 

* Sensors for the above measurements should be installed 
200 m. above the tunnel entrance. Sensors can also be 
installed at 400 m. if it is likely that an accident 
in. the tunnel or traffic control procedures effected 
at the tunnel entrance will back traffic that distance. 

* At the "unloading" interchange where traffic can be 
diverted from the tunnel approach, identical measure­
ments will have to be made in order to provide a 
constant monitoring of the diverted traffic. Sensors 
should be located both on the exit ramp itself as 
well as on the adjacent road system (perhaps along 
the entire length of the detour). 

* Above this same interchange and on that interchange 1 s 
entrance ramp leading to the tunnel, an overhead 
portico which measures vehicle clearances can be 
installed and suitably signalized. 

This measurement is particularly recommended 
in eases where the tunnel has only a limited clearance 
or where the tunnel is longitudinally ventilated. 

J.213 Below the Tunnel 

* Measurements of traffic flow and spped for each lane 
must also be effected 200 m. below the tunnel exit 
and possibly on other routes depending upon the closest 
interchange below the tun.nel. 

* Identical measurements must also be made on exit 
ramps and on the adjacent road system in such a 
manner as to have a close surveillance and control 
of traffic flow in the area of the tunnel exit. 
It may, for example, be necessary to regulate the 
traffic at the tunnel entrance in order to prevent 
a backlog in the tunnel itself. 
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3.22 Monitoring Traffic by means of Television 

3.221 

The visual monitoring of the tunnel interior as well 
as its approaches by means of television cameras is 
an indispensable element for grasping the nature and 
extent of the problem such as to permit its rapid 
resolution. 

Limitations 

In 1011g tunnels the continual surveillance of several 
television receivers is both fatiguing and unreliable. 
Moreover, it is costly in terms of personnel require­
ments and system maintenance. 

Technically speaking, the number of cameras to 
be installed in a tunnel depends upon the level of 
illumination. For usual levels of lighting and traffic 
density. one normally assumes that the cameras have a 
range of less than 200 m. It is necessary, therefore, 
to plan for a major installation. 

J.222 U~ility 

The installation of a closed-circuit television system 
should as a result be considered as permitting: . 

* Very possibly the detection of the incident, if by 
chance the controller happens to be viewing the 
proper block. 

* In every case, the observation of the incident, once 
it has been detected by the sensors discussed in 3.211. 

When anomaly is detected in a block of the 
tunnel or on its approaches, the activation of the 
~ropriate camera should be accomplished automatically. 

3.23 Means of Communicating Instructions to Users: Signalization 

One distinguishes between permanent and emergency signali­
zation. In neither case should the signs and signals 
admit of any ambiguity of interpretation. Moreover, 
the instructions to the motorists must be timely. 

3.231 Permanent Signalization in the Tunnel (Drawing 1) 

It is composed of the following signs: 

* Speed limits. There are several arrangements, 
depending upon the requirements: 
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- Fixed-indication illuminated signs which simply 
remind the motorist of the posted speed. Spacing 
can be relatively great (e.g., 600 m.). 

- Signs which are linked to radar so as to flash 
when the maximum authorized speed is exceeded. 

- variable-indication signs which permit a complex 
regulation of traffic (e.g., during peak rush 
hours, when there is a risk of bottleneck at the 
tunnel exit). 

These signs can either be hung from the 
ceiling of the tunnel above the area swept by 
the traffic (sign height is 0.5 m.), or they 
can be located on each wall. 

* No passing signs are similarly located in the 
tunnel cross-section, with a regular spacing 
along the length of the tunnel.I 

* Direction signs in the case of a subterranean inter­
change or one that is very close to the tunnel exit 
(less than JOO m.). These signs are the illuminated 
expressway-type: 

- necessarily located on the tunnel ceiling {thus 
requiring an increased ceiling height, perhaps 
quite substantial: O.J0-1.0 m. depending upon 
information mentioned on the sign). 

- spaciTI_g according to the regulation in force. 

3.232 Emergency S1gnaliza~ion in Tunnel 

This is composed of tricolored signals and illuminated 
instructions provided for each_.Jan~. 

* Sig~]. lights 

The tricolored signals (red, green, and flashing 
yellow) must meet the following conditions: 

- they must be complemented by illuminated instruc­
tions (in white) specifying lane changes, and 
possibl7 including a siren when the signal changes 
to red. 

- they may also involve a red-and-flashing-yellow 
indication for effecting changes in lane direction. 

lrn order to permit a proper regulation of traffic in case 
of breakdown or accident. 
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- location of signals in the cross-section: they 
can be located laterally, on each wall, in the 
case of a two-lane tunnel (or on the ceiling). 
For tunnels having more than two lanes, they 
must be located on the ceiling (added ceiling 
height to accommodate signals: O.J m •. minimum). 

- the lights are located at the end of each block 
(i.e., about every 200 m.). In cases where the 
blocks are of greater length, the spacing of 
the signal lights should obey the following 
conditions= (1) spaced at a distance of less than 
maximum visibility (curves in tunnel geometry, 
smoke, etc.), and (ii) insure a minimum of one 
signal per ventilation section, as well as a 
light at the head of the tunnel. 

* Illuminated indications (in white) 

- For giving instructions to the motorist, provision 
should be mad~ for sfgris requiring the motorist to 
change lanes. These signs should be located to 
the right of the signals for each lane, either 
reading "Change Lane Here" or showing a green 
arrow with red light (or perhaps both). The 
illumination of this sign should be tied to that 
for the lights in the preceeding block. 

- For giving explanations to the motorist, the followi~.g 
two signs should be located in the middle of every 
other block, illuminated and flashing as needed: 

11 Accident Ahead" 

11 workmen Ahead" 

These explanations may also be given to the motorist 
using a loudspeaker, but this requires special study. 

3.233 Signals on Approaches leading to Tunnel (Drawing 2) 

Drawing 2 provides an example of the disposition of 
signals for a complex situation (urban expressway). 
These drawings permit an appreciation of the complexity 
of the required installations. 

Without going into details (cf. Drawing 2), the 
following points should be emphasized: 

2Alone the red light requires a total stop. 



* Directions signs must be located at two poi~: 
at the intercha~_ge above the tunnel and in the 
tunnel itself. 
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The first attempts to direct the motorist 
into the correct lane before he enters the tunnel, 
so a.s to limit changing of lanes in the tunnel 
(in cases where there is a special lane for slow 
vehicles or where there is an interchange situated 
just after the exit from the tunnel). 

* Presignalling must be very efficient and must be 
carefully studied in conjunction with subsequent 
direction signs in order to insure that signs are 
intelligible (e.g., care must be taken to insure 
a sufficient spacing between signs, making sure 
that there are not several signs to be read at 
the same time). 

* Emergency signals must permit a proper and instan­
taneous response to several types of situations: 
partial or total closing of the tunnel. 

In these cases proper diversion of the traffic 
from the tunnel as well as a careful signalization 
of the detour are imperative. 

3.24 Means for Motol"J§!. Communication or Action 

Is it desirable to induce the motorist to leave his 
vehicle to ~o to a call-box? Or can one count on the 
efficiency of the Utilization Service to persuade him 
to remain in his vehicle until help arrives?3 

The motorist can be expected to remain with his 
vehicle only in the case of a poorly dimensioned tunnel 
(i.e., one that does n.ot make provision for emergency 
parking) in which every anomaly in the traffic circula­
tion is regeistered by sensors. In the circumstances 
that we have considered (and assuming that the television 
surveillance has only a complementary character), it seems 
necessary to permit the user to communicate his problem 
to the Utilization Service. (For if the tunnel is poorly 
dimensioned, it probably is not equipped with a rapid 
detection capability.) 

Provisions should, therefore, be made for the 
following installations: 

3This is the practice in the United States in their urban 
tunnels, in which there is no possibility of emergency parking. 
Guards reach the scene of the incident on motorized carts, 
moving along an elevated sidewalk. 
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J.241 Call-buttons 

* In the case of call-buttons, the spacing depends 
upon the road width (possibility of emergency parking) 
and upon the safety of pedestrians ·walking to the 
call-button (i.e., on the existence and width of 
sidewalk; width of shoulder). · 

Spacing can vary from 50-200 m., depending 
upon the circumstances. 

* In one-way tunnels, these buttons are installed on 
only the right-hand wall. 

* In. two-way tunnels, the buttons must be placed on 
each wall, directly across the roadway from one 
another. 

* These button.s car. permit the specification of the 
type of emergency (e.g., three buttons on a single 
panel marked Breakdown, Accident, Fire). Location 
of the buttons should be conspicuously marked, 
usually with a small light. 

J.242 Teleph~n~.P... 

Emergency telephones should also be installed, in the 
same fashion as the call-buttons, but with a greater 
spacing {100-300 m.}. 

A special soundproofed alcove must be provided 
in the tu~.nel wall to shelter the phone. 

The system can be arranged so that picking up 
the phone receiver activates the flashing yellow of 
certain signals (this is particularly useful in 
tunnels of narrow road width where a breakdown will 
not permit a free flow of traffic past the point of 
breakdown.) . 

3.243 Extinguishers 

Portable fire exti~J!Uishers should be provided 
in the telephone alcoves., 

3.3 Consequences 

It should be apparent from the above discussions that 
effective traffic control requires the rapid processing 
of data from a variety of sources (including measuring, 
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3.32 

transmitting, am analyzing these data), followed by 
the instantaneous transmission of instructions to 
motorists or to tunnel emergency personnel. 
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As will be seen in Chapters 4 and 6, there is even 
further data am instructions which must be dealt with 
{concerning the operation of tunnel equipment). This 
demands that complete sets of instructions for all types 
of emergency situations must be prepared before the 
tunnel is put into operation. 

Two consequences from the foregoing considerations 
will be considered in Chapter 8: 

The command must be centralized in order to insure 
coherent, coordinated instructions and actions both 
in tunnel and on approaches. 

The installation must be automated, partially or totally 
depending upon the circumstances, if response time is 
to be short, and if actions are to be well organized. 



The remarks offered in this chapter are illustrated 
1 n Drawil"lg 3. 

4.1 Ventilation 

4.11 Sensors in Tunnel -- -··-·- .. --.-·- ----· 

Sensors are located in the tunnel for the following 
purposes= 
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* In order to permit the completely automated operation 
of the ventilatio~ system a~d possibly in order to 
a1"1ticipate ve~tilation needs i~ such a way as to 
insu~e t~e system's economical operatic~. 

* Il"I oroer to si~nal anomalies (exceddin,e: admissible 
pollutio~ levels) so t~at the tunnel can be evacuated 
immediately. · 

* I~ order to collect useful statistical information 
for use in future ventilation desi~~. 

4.112 Devices to be Installed in the Tur.rel 
-·•-·----- -·-- - -·- - -· -- ---··- ---~---·-·--- ---- ---
* Carbon.monoxide_anagzers located near tunnel portals 

and at least one'per ventilation section (cf. Section 1). 

* OnacitL__meters located at the same points in the tunnel, 
but which, in contrast to the former 1 provide results 
on the visibility and smoke levels in the tunnel that 
require careful interpretation. 

* Anemometers located at each portal, alo~..g the periphery. 
Qere a~ain there is a very delicate problem of inter­
pretation. These devices monitor the longitudinal 
speed and direction of air iY'I the turinel. 

These devices are located out of the area of 
tlie tunT'el cross-sectio?'l swept by traffic, either 
above the sidewalks or on the ceiling. 
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* Traffic sensors (measureme~ts of flows and vehicle 
heights -- in order to count truck traffic) serve to 
regulate the operation of the ventilation system in 
function of traffic demands. The devices mentioned 
in J.2111 are used for these purposes. 

4.12 Installations iri. Ventil~tion Stations 

Ventilation stations require much equipment (ventilators, 
motors, transformers, etc.). 

~efer to Section 1. where specific requirements 
are outlined. 

4.131 M:odalities __ of_ -P~ulatio"'.1 

Operatic~ of ventilation can be continuous or discon­
ti~uous, dependi~~ upon needs. 

* Continual operation requires the use of ventilators 
with variable pitch blades which allows the instan­
taneous choice of the optimal regime. 

* Discontinuous operation uses ventilators with a 
fixed blade a rig le, but with several differert 
rotation speeds. 

For the major tunnels treated here, notably in urban 
tunnels where ventilation is required several hours per 
day, substantial savings can be effected by using the 
first solution. 

4.132 Automation 

Complete automation. is necessary in order to insure the 
followine:: 

* Collectior and transmission of data concernirg pollu­
tion and traffic. 

* Processin~ of this data and forwardin.g of instructions 
to the ventilation stations. 

* The continual technical control of operations of 
ventilation stations and the maintenance of acceptable 
pollution levels in the tunnel. 
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* Automatic start-up and shutdown of certain ventilators 
in the event of emergency {breakdown, fire, etc.) in 
accordance with pre-established procedures. 

The first two functions presume a cyclic routine 
for mo!li toring the operation of the ventilat.ion stations. 

Ventilatio!'l studies irsure the second function: 
different re.S;imes of the veTitilators are keyed to certain 
threshold-levels of pollution in the tunnel. Optimal 
operation requires that all preliminary calculations be 
programmed into the system. 

The second and fourth functions suppose that com­
plete series of instructions can be given in complete 
safety and within a reasonable period of time; presumably 
these instructions will be perfectly coordinated with 
traffic control signalization and the emergency inter­
ventions effected in the tunnel. 

Only a centralized, automated command _ _center, using 
pre-established procedures and programs, can deal satis­
factorily with emergency situations as well as optimize 
costs for normal operation. 

4.2 Lighting 

4.21 ReP-;:!ll~t;o~. of Lighting 

Because of the high energy costs for lighting, it is 
~ecessary to adapt levels of illumination in the interior 
zone and in the transition zones to the real needs of 
the users (cf. Section 2). 

For this reason, lighting must be keyed to the 
traffic, the level of opacity in the tunnel, and to 
exterior luminance. 

4.22 Tunnel Sensors 

* Necessary measurements for the regulation of lighting 
in function of traffic and tun.nel opacity are effected 
by the devices mentioned in J.l and 4.1. 

* Sxterior luminance is measured by means of photo­
electric cells located at the tunnel entrances. 
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chapter 5. Pull-offs and Emergency Paf:L~ageways in Tunnel 

Because of the complexity of the considerations· involved 
in these types of facilities, the remarks in this chapter 
are necessarily schematic. Actual design requires very 
detailed studies of numerous problems (construction, 
utilization during construction, dimensioning of tunnel 
cross-section, structural continuity, ceiling, signaliza­
tior., analysis of clearances and type of heavy trucks 
usi~~ the tunnel, and regulations governing the use of 
these facilities). 

5.1 Pull-offs 

_5.11 Desirabilit,y_ 

The diruption of traffic caused by a vehicle breakdown 
on the oradway depends upon! 

* The tunnel's road width. 

* The predicted frequency of breakdown or accident. 

* Traffic density at time of accident. 

In general, there is reason to make provisions for 
these situations by providing a sufficiently wide roadway. 
But there are situations where, for economic or other 
reasons, this arrangement is not possible. 

5.111 The desirability of,pull-offs at spaced intervals along 
the length of the tunnel can be summarized as follows: 

* In tunnels having a sufficient road width, they 
permit the complete removal of brokendown or damaged 
vehicles from the tunnel roadway. 

* In tun~els havin~ an insufficient road width, they 
are a satisfactory remedy, permitting the removal 
of these vehicles from the roadway, either under 
their ow~ power or by use of service vehicles. 
Nevertheless, this remedy still requires the very 
rapid detection and reaction by emergency service 
personnel. 
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5.112 The economic desirability of pull-offs in the tunnel 
is 1n each case a matter of determining the relative 
costs of several different solutions which must be 
considered at the time of tunnel design: 

* A tunnel having a road width permitting l.ight 
vehicles to stop. 

* A tu~.nel having a road width permitting heavy 
vehicles (trucks) to stop. 

* A tunnel having a narrower road width, but with 
pull-offs spaced the lenp:th of the tunnel. 

The following considerations come into play: 

* The severity of the disruption to traffic caused 
by the situation. 

* Geological considerations and the differing construc­
tion costs. 

* Ler,gth and grade of tunnel. 

* Utility of these pull-offs during construction. 

5.12 General Configuration.of Pull-offs 

5.121 The pull-offs must in general have the following 
characteristics: 

* Their spacizr: should be about 300-1000 m. (cf. 
DrawiTig 4). They are located on the right-hand 
side of one-way tun.nels; on both sides of two-way 
tun11.els, alternati:ri_g from one side to the other. 

* Their dimensions must permit heavy trailer trucks 
(length less than 18 m., width less than 2.5 m.) 
to get completely out of the traffic lanes. 

* The pull-offs should be equipped with telephones, 
call-buttons, and fire extinguishers. 

;.122 Bequired dimensions are shown in Drawing 4. But 
roughly speaking, one can assume that: 

* When the road width is very narrow, the width of 
the pull-off should be 3.0 m.; it can be less in 
cases where the tunnel is better dimensioned. 

4A cost analysis, it should be remembered, is necessary in 
eve,-.v ease. 
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* When the tunnel is used by many trailer trucks, the 
length of the pull-offs must be 40 m. (including 
the aprons). This length can be reduced to 20 m., 
depending upon the amount of truck traffic. 

* The clearance in the pull-offs must be the same as 
for the rest of the tunnel. 

5.2 Passageways 

For safety reasons it is desirable, particularly in long 
tunnels, to make special provisions for the evacuation 
of vehicles blocked in the tunnel by an emergency. 

There are three possible courses of action, depending 
upon the objectives: 

* In two-way tunnels, there can be provisions for trans­
verse turning galleries which will permit vehicles 
(including trailer trucks) to turn around (cf. Drawing 5). 

* !n two-tube tunnels, each tube one-way, provision can 
be made for transit between the tubes. (cf. DrawiTig 6.) 
These passageways can either be for vehicles or for 
pedestria!!-~-· -- --

These facilities permit vehicles and/or users trapped 
in one of the tubes to be evacuated to the other, or 
else they permit refu~e in case of a very serious 
emergency (serious accident or fire). They can also 
serve as an access for emergency equipment. 

These passageways are, moreover, often necessary 
during tunnel construction in order to permit a better 
organization of the construction site. 

5.21 Ge~metry 

* Passageway for vehicles must have a minimal width of 
6 m. and a clearance equal to that of the tunnel. 
Their spacir.g can vary between J00-600 m. 

The passageways can be either perpendicular 
or at an angle to the tunnel axes. 

* Pedestrian passageways having a dimension of 2 m. x 
2 m. can be spaced between 150-300 m. 
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5.22 Eguipment 

These passageways must be fed with fresh air and 
furnished with standard emergency equipment (telephone, 
call-buttons, and fire extinguisher). They can also 
be equipped with fire doors. 

* During normal use these passageways should be sealed 
(e.g.: by use of slidin~ doors). 

* The openi!lQ'.' of t~e doors, in case of need, should be 
effected only after closing and evacuating the other 
tube. The use of these passageways should be studied 
carefully, leading to a set of procedures for their 
use in situations that will be quite unlike the 
typical breakdowns or accidents. 

5.24 Turning Galleries 

Turning galleries, when deemed necessary, should be 
located directly across from the pull-offs. 

Their cross-sectional profile should be identical 
to that of the tunnel, with a length of about 15 rn. 

-~-· -·· ------- - -· - ----·~--
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6.11 A brief discussion was offered in 2.4 of the causes and 
occurrence frequencies of various sorts of emergencies. 

The consequences of these emer~encies on the flow 
of t~affic and the safety of the motorist depend upon 
two esse~tial factors: 

* T~e roadwidth of the tunnel and, in a general fashion, 
on the availability of emergency parking in the tunnel. 

* The traffic density at the time of the emergency. 

6.12 The risks involved justify exceptional steps on the 
part of the Utilization Service in order to prepare 
for such emergencies. The complexity of these problems 
requires: 

* Automation of the management system. 

* Unified control. 

* Development of procedures for dealin.g with specific 
problems (traffic si~nals, emergency interventions, 
lightin~, ventilation). 

6.13 The p~ese~t chapter touches on these problems. After 
setti~~ forth a number of important principles, the 
chanter goes on to consider several rather typical 
situations, all exemplary of those faced in tunnel 
utilization. 

In t~is discussion, consideration has been limited 
to the case of ar urban expressway turnel, because it 
lerds itself well to consideration (because of the 
clear separation of the route from the adjacent road 
system, the separated roadways, etc.). 

The analysis of these different situations should 
not cause or,e to forget the possibility of simultaneous 
incidents at several different places in the same tube 
or in both tubes. This possibility only underscores the 
need for adequate emergency procedures. 
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6.21 

~S§ential Procedures 

The turrnel is onlv one element i:n t'he route ( and iri 
~~69T1necti~ road ~x.st~~). - -------- -·-'--·---·-

Procedures must be desigred to deal with traffic not 
only i'.J"I the tunnel itself but also on the approaches. 
In tlie event of a serious accide:nt in tJie tunnel, one 
must be able to close off the tunnel aorroach at the 
interchar'~e above the turmel as well as at the tunnel 
itself. 

141 

6.22 The motorist must be informed of the incident before 
arriving_ on the scene. · 

Only ir. this way can an aggravation of the original 
incident be prevented (by a progressive reduction of 
speeds, use of detours, etc.). 

6. 23 _s:me,rgen.2l i nteryel'ltiori~ cap._J:>~eff ecj;~9-_from a]?.9..v~ or 
below. 

6.J 

~~-, -··-
Ir a one-way urbari. tunnel, it may be difficult, parti­
cularly durin~ rush hours, to reach the scene of the 
emergency from above, except by using special vehicles 
that can travel or the right shoulder -- when the shoulder 
exists, whe~ it has the required dimensio~s, and when it 
it is free of obstacles. 

It is necessary, then, 1:n one-way urban tunnels, 
to make use of the possibility of entering the tunnel 
from below. Because of the direction of traffic flow 
in t~e other tube, as ~ell as the possibility of a 
simultaneous accident i:n t'1is second tube, it is 
necessary to maintain two sets of t~e emergency equipment 
and personnel so that the incide:nt can be reached quickly. 

In slack periods, on the other hand, it is easier 
and safer to enter the tunnel from above. 

In the present chapter it is entrance from below 
that is discussed. Adaptations must be made to these 
remarks to make them applicable to other cases. 

~ush-hour Traffic Jams 
.. ---· ·-----·-- ----- " 

These do :not i!'lclude those a.risir,g from an emergency 
incident. They are the normal, daily rush hour congestion, 
usually resultin~ from an improper design of the tunnel 
or its approac~es. 
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6.31 Primary Objective 

Utilization techniques and procedures must insure the 
maximum stable flow through the tunnel as well as 
avoid ar_y. c~pp_:~sti_(;>n~ in the tun!"el iJ~elf, thus limiting 
pollution risks and not exceeding the optimal point on 
the flow-speed curve. 

These procedures involve the regulation of the 
flow of traffic into the tunnel. 

Several different techniques can be used, possibly in 
combination: 

* Bxclusion of heavy truck traffic during these periods, 
thus insurin~ a homogeneous traffic flow. 

* Diversion of some of the approachin~ traffic to 
alter~ative routes, thus limiting traffic on the 
tunnel anproaches to flows that the tunnel can 
accommodate. 

* Control of traffic at t~e tunnel entra~ce. There are 
several possible techniques, the important requirement 
bei'.'¥; that procedures be effected outside of the tunnel: 

- Control by means of si~nal li~hts which periodically 
halt the approaching traffic, causing it to bunch 
together for movement into and through the tunnel. 
The procedure is controlled by the data gathered 
by sensors that measure traffic density. 

- Smooth flow without stops, but with very strict 
control of traffic speeds or of the road width 
available to the motorist. thus insuring an optimal 
flow regime. 

* Control of traffic in tunnel. As a precaution signal 
lig~ts should be placed on flashing yellow and speed 
limit si~ns illuminated. These measures are, of course, 
complemented by the continual surveillance of the 
tunnel by means of sensors and television. 

6.33 Co!ld.itions for Proper Tratfic Control 

The aforemertioned provisions are difficult to foresee 
in detail during project planning and design. They are 
generally developed as a result of observations made 
after the tunnel is put into operation (perhaps as a 
result of measurements of traffic speed and volume). 
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This underscores the need for the .m:.qp~r. layout_ 
of the tunnel and its approaches (proper design of inter­
change above the tunnel, locating it a sufficient distance 
from the tunnel entrance; continuity in layout and road 
width). 

If it is suspected that traffic congestion will be 
inevitable, provisions should be undertaken at the time 
of initial planning and design that will facilitate the 
utilization of appropriate control procedures and tech­
~iques. This mi~ht include provisions for signalization 
of the tunnel approaches, complete control of tunnel 
traffic by means of smaller signal blocks, proper design 
of tlie "unloading" iriterchange, development of detours, etc. 

Ventilation Control ---·- _,_., __ ------~ 
In cases where because of their complexity, the traffic 
control measures may possibly be ineffective -- at least 
during a period of shakedown when the tunnel is first 
put into operation -- there will be a substantial risk 
of congestion in the tunnel itself, thus raising the 
possibility of inadmissible pollution levels.5 

The control of pollution levels in the tunnel must 
be such as to permit the required actions (diversion of 
tunnel traffic, temporary halting of traffic at tunnel 
entrance). 

6.4 Accident or Breakdown Partially Blockipg Traffic in 
One Direction (Drawing 7) - -

This circumstance can arise in situations where there is 
little or no provision for emergency parking, namely in 
those situations in which an accident immobilizes vehicles 
in one lane. In the hypothetical situation discussed 
below, a singl~ __ Jar.e of traffic has been tem_J)orarily blocked. 

6.41 Detection and _Location of the Breakdown or Accident 

The usual chronology for the detection and location of 
the emergency conforms to the following schema: 

* Detection in the command center by one of the following 
means, depending upon the equipment and level of 
surveillance maintained in the tunnel: 

- Indications from traffic sensors of an abnormal 
concentration of vehicles in one of the blocks 
(or of an abnormally low speed in part of the 
tunnel}. 

Sunless, of course, the ventilation system has been designed 
to accommodate these situations. 
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- ~rot if ication by tunnel surveillants ( who are 1 

perhaps, equipped with motorcycles). 

- Notification by motorist using call-buttons or 
telephone. 

- Observat ior, of the i11.cident o:n closed-c'ircui t 
television. (when the site of incider1t happens 
to be under surveillance). 
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Location of the emergency follows directly from above. 

Observation by tunnel surveillants on the scene and 
by closed-circuit television. 

6.42 Traffic Control Procedures --·-----

6.421 Change signal lights to red for both_lanes __ above the 
scene of the emer~ency. Change signal lights to red 
for obstructed lane below and instruct motorists to­
move from that lane. This will permit emergency 
equipme~t a free access to the scene. 

Illuminate the "Accident" signs ahead of the 
emergency; there should be no need.to limit the speeds 
as well. 

At the interchang-e above the tunnel, illuminate 
the II Accident in the Turmel -- One lane Open'' sign, 
thus encouraging motorists to leave the autoroute, 
though not requiring it. 

6.422 Empty the signal block in which the incident is 
located. The lights for both lanes above that block 
will be red. The t~affic in the unobstructed lane 
can be permitted to move past the incident, followed 
by traffic from the obstructed lane, thus clearing 
the block. It may be necessary to have tunnel personnel 
supervise the movement of this traffic past the scene 
of the incidert. 

6.423 The entire tunnel above the scene of the incident can 
riow be emptied, by illuminating the green lights for 
the unobstructed lane, then illuminatin~ the green 
with a lane-change instruction for the obstructed 
lane. 
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6.424 v'hen the tunnel is emptied, allow one lane of traffic 
and then the other to enter the tunnel, alternating 
in a cyclic fashion, using signal lights and lane-change 
instructions at the tunnel entrance. From then on, the 
mergiing into a s 1'-1.gle lane is effected outs_ide of the 
tunnel, not inside. 

It is always necessary to inform the motorist 
with an. "Accident in Tunnel II indication on the over­
head portico over the tunnel approach. 

6.43 Ventilation Procedures 

When functioning of the ventilation system is automated 
(e.g., regulated by CO levels in tunnel), direct inter­
vention is not necessary. 

Generally speaking, the steps to be taken consist 
of an augmentation of fresh-air supply to the ventilation 
section in which the incident is located -- and perhaps 
to adjoining sections as well if the incident leads to 
an accumulation. of vehicles in those sections. 

6. 44 J;~ ing Procedures 

Illumination in the area of the incident should be 
increased to the highest possible level. 

6.451 Nature of Intervention 

Interventions are of two sorts: 

* When the incident is first detected, motorcycle 
policemen should be dispatched to the scene in· 
order to supervise the clearing of the tunnel. 

* A tow truck should be quickly dispatched {from 
below, in accordance with our hypothetical situation). 

Dependi~ on the time and seriousness of the 
incident, the vehicle may be repaired in place, towed 
out of the tu~nel, or temporarily moved into a pull-off. 
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6.452 Response Times 

6.5 

* Alarm 

The chronology of the different phases of the alarm, 
along with the corresponding lapsed time,. is as follows: 

- detection: 30 seconds. 

- television observation: 15 seconds. 

- activation of the automated signalization and 
motorist response time: 5 seconds (there is a 
necessary transition. through the flashing yellow). 

From the moment of the incider1t there is a time 
lapse of 50-50 seconds before the tunnel is closed and 
motorists are notified. Calculated in terms of the 
instantaneous flow at a point, this means that in 
a two-lane tunnel, where the i:ncident takes place 
800 m. from the entrance, more than one hundred 
vehicles may be blocked in the tunnel above the 
scene of the accident or breakdown. 

* ~mergeney 1ntervent ion. 

To this time lapse between incident and alarm, there 
must be added the delay in notifying the emergency 
teams and that time required entering the tunnel, 
as well as that required for clearing the disabled 
vehcile(s). 

The total lapsed time will most certainly be 
in excess of 8-10 minutes. 

In a heavily travelled urban tunnel, such 
delays during rush hours are simply inadmissible. 
This makes very clear the need for a well designed 
tunnel which permits moving the disabled vehicles 
onto the shoulder or into a pull-off until the 
traffic slackens. 

Accident or Breakdown which Totally Blocks Traffic in 
One Direction (Drawing 8) 

Detection and Location (Cf. 6.41) 

Traffic Control Procedures 

6.;21 * Change all signal lights to red above the scene of 
the incident, and illuminate the flashing "Accident" 
sign. 
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* As the scene of the incident must be reached from 
below, it is necessary to empty the portion below 
the incident as quickly as possible. As the tunnel 
empties (of vehicles that were ahead of the disabled 
vehicle or vehicles), the signal lights should be 
chan~ed to red. If this lower portion of the tunnel 
clears too slowly, the signal lights for.the lane 
that will be used by emergency equipment can be 
changed to red and the motorists usin~ that la.ne 
instructed to change lanes, thus freeing the lane 
for emergency equipment. 

* Sigral the accident before the 11 unloadirnr 11 inter­
chan~e, er.couraging approaching traffic to leave 
the expressway. 

If the incident turns out to be serious 1 then 
it will be necessary to close the tunnel approaches 
immediately, directing all traffic off the approach 
at the 11 unloading 11 interchange. 

* Evacuate vehicles blocked in the tunnel above the 
incident ( see below). 

6.522 There are several possible ways of evacuating trapped 
vehicles: 

* If the vehicles are stopped outside the tunnel, 

- denendin.i:r. upon the terrain and possible provisions 
at the tunnel entrance, it may be possible to move 
t~ese vehicles Across the median to the other 
roadway, sendin~ them back the other direction. 
These procedures r~cessariJx presuppose that at 
least one lane of the other tube has been completely 
closed usir.g t11e appropriate si£"nals and instructions. 

- If this is not possible, then under police super­
vision traffic must be turned around on its own 
roadway. 

* If vehicles are stopped in the tunnel, then the 
police will have to take char~e of the situation 
when they arrive, utilizing either of two procedures: 

- using the passageways to the other tube, after an 
either partial or total closure of the second tube 
(depending upon the obliquity of the passageways 
relative to the second tube). (Cf. Chapter 5.) 

- or by backi~_p; traffic out of the tu~..nel, or by 
turring it around in the tube. 
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6.523 ~ote that the evacuation of blocked vehicles can, in 
certain cases, require the partial or total closing of 
the other tube. 

This requires ,2rovi~_!orJ!__for the __ 9on~rol and 
~iver~io~ of traffic heading in the p~ite girec~ion. 

6.6 Fire 

6.61 Dete....9tion an~j,ocation 

~emarks offered in 6.41 are applicable here. 

In addition, there are three series of special 
alarms which can be provided: 

* Soecial call-button marked "Fire" -- located on the 
emer~ency telephone. 

* Automatic warring system which sounds when the ambient 
temoerature surpasses a certain threshold. 

* Automatic alarm which sounds when a fire extinp.:uisher 
is lifted from its mount. 

6.62 Traffic Control_Procedures 

6.621 The first action must be to close the tunnel to all 
traffic as soon as the fire is discovered. In the 
case of parallel tubes, the second tube must also be 
closed (Change sigl".l.-als to red in both tubes, with-­
exception of those lights below the point where the 
fire is located}. 

6.622 As a second step, the followi~.g measures are in order: 

* Rapid evacuation of vehicles situated below the 
noint where the fire is located. Arrival of sur­
veillants on the scene; summoning of fire equipment 
from below. ----

* In the event of a serious fire, it will be necessary 
to evacuate motorists blocked in the tunnel above 
the point of the fire. 

- either on foot, after havil"lg backed vehicles 
closest to the fire as far away as possible 
and shut off motors. 
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or by vehicle, using passageways, if they exist, 
or by turning the vehicles around in the tunnel, 
if the tun.nel authorities deem this possible. 

6.623 ~rom the very outset of plannir~ for tunnel utilization, 
it is necessary to bear in mind the following considera­
tions: 

* Every possible situation, notably the conjunction of 
an accident and a fire, thus rendering access diffi­
cult, re~ardless of whether tunnel entered from 
above or below. 

* Problems of access and location of the emergency 
services. 

* Pighest possible degree of automation of measures 
for closing the tunnel, control of access to the 
tu~nel, a~d for evacuating motorists. 

6.63 ventilation Proyedures 

A fire will create a great amount of smoke, at a temp­
erature that is i~itially higher than ghat of the tunnel 
atmosphere. Under certain conditions, this smoke can 
be expected to propagate along the roof of the tunnel 
for several hundred meters, then diffusing throughout 
the tunnel cross-section as thermal equilibrium is 
achieved. 

It is useful to encourage this laminar situation 
separating the layers of air of different temperatures, 
as this will permit the fire equipment to reach the 
scene of the fire. The following measures are generally 
in order: 

6.631 In cases of transversal or pseudo-transversal ventila­
tion, 

* Introduce a limited flow of fresh air (at least equal 
to that being exhausted) from the base of the tunnel 
walls, in order to maintain in the area of the fire, 
the clearest possible separation between the hot 
smoke a!!d the cold atmosphere. 

* Draw out as much polluted air as possible for 
several hundred meters on either side of the fire, 
thus evacuating as much smoke as possible. 

6The longitudinal speed of the air in the tunnel must not be 
too strong, so as not to create a turbulent flow which would 
induce mixing. 



6.632 In cases of semi-transversal ventilation, introduce 
a limited flow of fresh air. 
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·6.6JJ In cases of longitudinal ventilation, there is little 
data to indicate precisely what should be done. It is 

. probably best to stop the ventilation. 

6.64 Lighting Procedures 

6.641 It is important to avoid (if possible) a total loss 
of lighting in the tunnel as this could provoke a 
panic among the motorists, seriously complicating 
the emergency firefighting operations. · 

Location of the electric cables in a secure 
area of the cross-section (notably und~r a protected 
sidewalk) will offer a further safety factor in this 
respect. 

It is also a good idea to separate circuitry 
supplying adjacent sections of the lighting system. 
These sections are generally 300-400 m. in length. 

6.642 In the sections adjacent to the fire, lighting should 
be as bright as possible. 

6.? Power Failure 

6.71 Traffic Control Procedures 

6.711 When loss of power can be foreseen to take place at a 
certain time (as in the case of a strike), it is 
necessary to take steps to insure that by diverting some 
tunnel traffic, the volume of traffic using the tunnel 
during this period will be compatible with: 

* The predicted duration of the power loss. 

* Maximum admissible pollution levels without 
ventilation. 

* Safety of motorists driving in the darkened tunnel. 

6.712 When the power failure is unexpected, these same steps 
of diverting some traffic or closing the tunnel must 
be taken instantaneously. 
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6. 72 Condi tio:ns }1ecessa.!_'L for I·,..,suri:ng a Limited Flow of 
~raff_ic Duri:ng the Period without Power 

6. 721 Lighti.!£; 

The abrupt and total loss of li~hting in the tunnel 
must be avoided. 3/10 second is the maximum acceptable 
period between total loss of lighting and its partial 
or total restoration. 

This immediate re-illuminatio~ is achieved by means 
of batteries and an alternator.? The level of emer~ency 
illumiriation sl-iould rmt be less tJ.-iar. 1/10 tl-ie ori27inal. 

The first ohase of emergency illuminatio1"1 should 
last about 2 minutes, until tlie emergency generators 
coITe on li~e. At preser-t these ~enerators should be 
able to provide nower for at least 2 hours. 

6.722 Other Installations 'ieg_yirinp:ymerirericy Power 

6.73 

Besides the liP:"'1tinrs, the following installatiori.s must 
receive emerP.:ency power: 

* 

* 

* 
* 

Traffic signs and signals 

'Traffic ser.sors 

Pollutior sensors 

Telecommunications 

Command Center lighting 

Ventilatior Procedures ---------- -.... - ·-----
Generally speaki~g, veritilatior eauipment will not 
receive emergency power when co-,,ventional power is lost. 
It is possible, however, to make provision for a limited 
ve~tilation capability duri~g power loss in such a way 
that this limited ventilation is restored within several 
minutes of the power loss. 

t·evertheless, this service is :not essential, and it 
is more reasonable simply to close the tunnel when in.admis­
sible pollution levels are reached. As mentioned, however, 
the devices for measuririg pollution levels must neces~ari!.Y. 
be served wit11 emerger;cy power. 

?Needless to say, it is wise to receive electric power from 
a priority system, channeled, if possible, throup:h two different 
substations. 
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6.8 Cha~in Lane Direction (Drawing 9) 

When formulating procedures for tunnel utilization, it 
is necessary to er.vision certain exceptional circumstances 
tliat will require char.p:-ing the usual direc.tion of traffic 
in certai~ lanes. ~or examnle, 

* In two-way tunnels having three lanes, the direction 
of the center lane may be chan~ed during certain hours 
in order to accommodate rush hour traffic. 

* In expressway tunnels (normally one-way), mainte!'lance 
or an erner~eTlcy in one tube may temporarily require 
two-way traffic in the other. 

~he remarks th.at follow take as an examnle the case 
of a t 1 ... 10-la'!':e expressway that is normally one:.way. 

6.81 Traffic Control Procedures ··---·•--
T11e essential t~i:r_.;:r is to insure that the lane which will 
car!:l_traffic_ i'Yl_ the .. C?.PPOsite direction is __ free of _all -
traffic. T~e following procedures are to be followed: 

* ChaTige the signal lights to red for the left lane of 
the tunnel approach. .4bove the 11 unloading 11 interchange, 
indicate single lane traffic in the tunnel, thus 
encoura~ing motorists to exit onto the adjacent road 
system. This will help insure that the traffic flow 
reaching the tunnel will not be in excess of the smooth 
flow capacity of the single lane. If necessary, steps 
should be taken to divert the proper volume of traffic 
at the unloading interchar.ge. 

* Set out mobile barriers marking the two extremities of 
larie change. 

* r,hange signal lights to red in tunnel left lane as the 
remaini~ traffic using that lane moves through the 
tunnel. 

* Change lights to flashirig yellow in the tunnel right 
lane, and illumirate the no-passing signs the length 
of the tunnel. 

* Visually verify (by television) that the left lane is 
completely free of traffic. 

* Open the left lane to traffic moving in the opposite 
direction, illuminating the flashing yellow provided 
for this purpose on the back of the tricolored signals. 
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6. 82 Ven,:ti}at)..o_n~.~PSI-__ L_ig~~_!ng J:.rpoedures 

* Li';htinP: should be monitored cortinually. 

* Li~htin~ should be set on maximum intensity through­
out the length of the tube. 
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Chapter?. Tunnel Maintenance ---

Tunnel mai~te~ance constitutes an important task for the 
Utilization Service. After having defined several preli­
mi~ary principles, the present chapter details the nature 
of t~is task, as well as the means for accomplishing it. 

7 .1 !--!ecessary Precautions 

~ork within the tunnel always involves risks, both for 
the traffic as well as for the maintenance crews. When 
very major work is necessary, it is wise to close the 
tunnel and detour the traffic along alternative routes 
designated for such eventualities. 

7 .11 !•:ight 1.ror~ 

Major work that necessitates the complete closure of 
one lane is generally effected durirur the .!l_ight when 
traffic will not be seriously disturbed. 

* The closed lan.e should be well si;malized on the 
tunnel approach and bouyed the len~th of the tunnel 
--· or at least ahead of a:nd including the work zone. 
The use of specially marked service vehicles, parked 
in the closed lane, ahead of the work site, provides 
an added de~ree of safety. 

* The closirvr of a center lane (in cases of tunnels 
having more than two lanes} is strictly p~ohibited. 

* In two-way tun:!'l.els having a single lane in each 
direction, it is best to regulate traffic circulation 
by means of lights located at the tur,nel entrances, 
thus permitting an alternating flow of traffic 
through the tunnel. 

In the case of a very long tunnel carrying 
li~ht traffic, this alternating flow can be regulated 
at the work site itself, as long as maximum pollution 
levels are respected. 

7 .12 !?~ __ Work 

In certair:. tunnels where night-time traffic is heavy, 
it may be necessary to work during tl'!~ Q.~I.• 

In all tunnels various sorts of light work can, 
under certain conditio~~, be effected during the day. 
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7.13 Precautions 

Four precautio:r.s must be taken in all cases where work 
is being effected in the tunne1:·- ----

* 

* 

* 

* 

Effective presignalization on the tunnel approaches, 
speed reductions {on tunnel approaches as well), 
illumination of flashinll yellow, posting of proper 
i~structions, and complete bouyin~ of the work zone. 

Levels of carbon moroxide must not exceed 70-100 ppm. 

In the work zovie, lip:htirig must be as bright as 
possible. 

i,Jork should be conducted behird a clearly marked 
service veliicle. 

7.2 Structural rrainte:ra:r.ce ---·-- . --- - --- - -··-
T~e ~ature and freque~cy of required structural main­
tera'!':ce is indicated in the following table. Feedless 
to say, these indications will vary from tunnel to tunnel. 

The systematic maintenance of the tu~nel ir.fra­
structure requires a permanent surveillance team whose 
size varies according to the nature of the tur.nel. 

* For normal maintenance of a two-lar.e tunnel, the 
number of required personnel per kilometer of tunnel 
can be estimated to be: 

- 1 persor/km i-n. rural tunrels 

- 2 oersons/km i~ urbar tu~~els 

* For major or specialized repairs, outside specialists 
should be called i~. 
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P-~.rt of Turinel Task Freguency _,,_ 
General surveillance - Removal of obstacles Daily 
of the tunnel from roadway 

- curb repair, sig:n 
changes 

Suckling or Subsidence - Cross-sectioning variable 
of tunnel sections of tunrel 

-· _,., ~ --
Tunnel lirine: - Gor,trol of r.iovernent 3iar.r.ual ly 

(fissures, deforma-
tio:n, joirts, etc.) 

.,..._,, 

1,.fa terti~ht:ress of s\iafts, - Ir.,spect for leaks, Every 2 mo. 
cz-alleries, and tunnel seeps, ice, and 
portals (and possibly of stalactites 
entire tunnel) 

·":oTI.dui ts (drairiage, - PreseJ1ce of water, ~,,,,. Every 3 mo. 
electrical, etc.) debris, etc.; cleani??i} 

r 
~ 

1.Te!'t i lat ior i:talleries - s~amir.ation of parti-) Svery month 
t1ons, anchors, I 
joi:nts, etc. ~ 

- Cleanin~ of ~alleries 1Biannually 
,_,,,, 

-qoadway - Superficial inspec- ?onthly 
tior for groovini:;,:, 
slipperiness, etc. 

- r·~easures to counter- variable 
act slipperiness 

- Cleaniw variable 
- '!oad striping Yearly 

,-- -·~~ _,_ 

Approaches - Snow -qemoval variable 
-- '---· ...... ---~-·---~ ---~· 

Control devies i:n im:1ersed - Feeler gauges (for variable 
turinels measuring changes in 

length of caissons) 
- Extenso□eters {for 

measuring snread 
between caissons) 

- Pressure sensors 
(nressure on joints) 

\ 
) 



7.3 

7.31 

7.32 

7.32l 

7.322 

Slectrical ~achineri 

Parts of the Tunnel to be Serviced 
- -~-··-·-• ----· -# ~ - -~--· ~ ••• _, • ., •• .,., - -- ··---~~----·--•·'" ·---· 

The followi:rnr table spells out quite succinctly the 
riature and freauency of the tasks to be effected. 
Preventive mairter.ance is very irnnortant as it can 
reduce equipment breakdowns by about 801. 

"'ecessa,...v ''1e3.""S 
--------·-------Iii--·--

Utilizatior Service ?ersornel 
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?erson~el char~ed wit~ the inspection a~d rnai~terance 
of ventilatior a~d li~hting irstallations must be well 
qualified. 

r:1he supervisor ir, the Sommand Genter must hav-e 
an especially ~ood understandins of these irstallations 
if he is to properly dia~nose t~e data conveyed to him 
from these irstallatioris. 

Outsid.e Persornel 

Cutside specialists can be cori_tracted for the following 
tasks: 

* Dismantli!1~ and inspection. of motors 

* ~easureme~ts of the constancy of air flow in the 
t u:n.rte l 

* Renovatiori of lie:hti r,.g equinmer.t ( takedown, internal 
a~d exterral cleanin~, i~spectio~ of joints and 
ballasts, replace□ent of corroded parts, inspection 
of outlet and wirin~, replaceme~ts of lamps, reassembly 
a,....d rehari$'.'ing) • 

7. 323 SpeciaL ~'aterials 

Special ve~icles are needed to effect tunnel maintenance, 
notably that of lighting. ,J,.'hese vehicles must be 
specially designed and equ?;4Jed so as to ericomber the 
roadway as little as possible (e.g., vehicles of 
reduced width). 
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Part of Tunl'!el Task FrequencY: ---

Ventilation: -·-·-- ... ·----
ventilators, including - Test of all ventilators Every 15 days 
emergency ventilators not in constant use. 

- Test of emergency venti-
lation system. 

-
;:;quipment - Inspection of duct Every 15 days 

registers 
-· 

f•:otors - Greasing to prevent Every 15 days 
freeze-up 

I 
- Dismantling and Yearly 

inspection 
I ·----- ·--~ 

Shafts (particularly I Clea:ning B ian.nua l ly 
I 

-
nolluted-air s~afts} 

Air flm·1 at tunnel - !'•1eas uremeti.t of Every 15 days 
portals (in case of constancy of flow 
lo.,.,g, turmels) 

~-. 

!-, ight ilig: 

Lamps & tubes - Adjustment and possible Every 1.5 days 
replacement 

Battery-Alternator - Test run. Every 15 days 
_f:lystem 

Emergency generator - Test run. Every 15 days 
l system 

-·-- . 

Fixtures --Cleaning Every 1-3 mo. 
..... ____ . ____ ----------• ·---"--• - ~-u•••• ~-------- ~---· -----~----

Illumination levels - t-:easurement Every 3 mo. 
at roadway 

-----

Blectrical circuits - Inspection Every 3 mo. 
and junction boxes 

---~-- ·-· 
complete replacement - This period can be Yearly 
of lamps and tubes le:ri..gthened if the 

lighting is used 
intermittently 

Electrical Supp1z: 

Distribution boxes - Inspection Every 15 days 
and batteries 

,_._"'",;;;,;.==".,..,,,_,. 
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7.4 Signalization, Alarms, and Control Devices 

7.41 Parts of_Tunpel to be Serviced 

The following table specifies the necessary tasks of 
inspection and maintenance: 

Parts of Tunnel 

Traffic control devices: 
- Se~sors/counters 
- Television system 

Sig?'!alization: 
- Signs and signals in 

tunnel and on approaches 

Pollution: 
-Opacity meters 
- CO analyzers 
- Anemometers 

Lighting: 
- Luxmeters/sensors 

Safety: 
- Call buttons 
- Telephones 
- ?ire extiruruishers 

Telecommunications: 

Automated equipment: 

Fire: 
- Extinguisher, alarms 
- Emergency firefighting 

equipment 

Tasks -·--~-

Continuous checks 

!-'Iai ntenance and 
cleaning 

Check accuracy 
and calibration 

Check 

Check for proper 
oper-ation 

Very frequent 
iTispection of 
Command Center 
console 

Complete inspection 
by specialists 

Check for proper 
operation 

Freguency 

Complete 
iri_spection 
yearly 

Every week 

~very week; 
comnlete 
i:nspection 
yearly 

Svery week 

Every month; 
complete 
inspection 
yearly 

S:very 2 days; 
complete 
inspection 
yearly 

variable 

Frequently 

Maintenance can be effected snecialists from the Utiliza­
tion Service, under guidance and supervision of equipment 
manufacturers. 
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For technical inspections or overhauls, specialists 
should be brought in. Contracts can be let for the 
followirig installations: 

* Illuminated si~nalization of the Command Center. 

* Badar in tunnel (if applicable). 

* Closed-circuit television system. 

* Telephones and extinguishers in tunnel. 

* ~esti~.g of measuring devices for pollution. 

* Automated equipment (computers, calculators). 

7. 5 :lfiscellaneous 

The following is a list of various maintenance operations 
which did not appear in the previous categories: 

7. 51 Signalization of l•Jork ?,ones 

Morithly inspection of the portable equipment used to 
mark work zones. 

7.52 qig_h and Low-tension Electrical Eguip~ent 
(grounds, distribution points, etc.) 

Maintenarce must be effected by personnel who are quali­
fied for high-ter:sion work (this work may be contracted 
to a specialist). 

7.53 Cleanin&:" 

The maintenance of the roadway and tunnel walls as well 
as the approac~es to the tunnel must include maintenance 
of sidewalks, the various conduits, and possibly even 
the ceiling. 

7 . .531 Frequ~_nQY. and TechniJllle 

T'lie cleal'!ing of the traffic ~allery of the tutinels 
(walls and roadway) must be undertaken systematically 
and regularly because of the soilir~ caused by soot 
from engines and powder from wearing tires. The required 
freque~cy of these cleanings depends upon the traffic; 
however the interval between cleanings ca~ vary from 
15 days for very heavily travelled tunr.els (close to 



161 

saturation -- heavy truck traffic) to every 2 months 
for lightly travelled tunnels {e.g., in mountains). 

In. addition to these complete cleanings, it is 
necessary t-0 sweep the roadway more frequently in order 
to remove stones and other objects which can cause 
accidents (breaking windshields, puncturing 'tires). 
The required frequency varies from 2-15 days. 

The same safety considerations apply here as 
elsewhere (signalizatio~1., protection of work crews}. 

7. 532 f·.-earis of Effectini'~aeaning: 

The cleaning of the traffic gallery is generally 
accomplished by a special vehicle that projects a 
water-detergent solution onto the walls ard roadway, 
brushes them, and then rinses. This vehicle is 
usually shared by several tunr.els (if possible) so 
as to cut its rat'1er hi~h initial and operating costs. 

l'he more frequent sweepiri..gs of the roadway are 
effected by the Utilization Service personnel. 
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Chapter 8. Organization of Utilization Service 

8.1 Uriified r:ommand 

8.11 ~esno~sibilities --------
In order of decreasing i~nortance, the Utilizatio~ 
Service is respo~sible for the followi~g four aspects 
of tunrel utilization: 

8.111 Traffic Safety 

* Emergericy intervention in t½e tu~rel in case of 
breakdown or accide"t (police, fire, and vehicle 
repairing and towing). 

* Traffic control and signalization. 

* F::!1forcement of traffic regulations in tunnel and 
ori approaches. 

* ~dequate ve'!'ltilation and lighting. 

8.112 Q:Q_eration of Installations 

* Ventilatior1 

8.113 ~ainterance 

* Tu~nel structure (vaults, shafts, galleries). 

* Infrastructure (roadway, drai:n.a.ge, ceiling, buildir.gs). 

* Installations (electrical machinery, lighting, and 
various other equipment). 

8.114 ~d□inistratio~ 

* Veliicle n.9,rki'l"P: 

* Offices 

* Ge~eral admiristratio~ {accountin~. persor~el, 
statistics, co~tracts, purchases, etc.) 

* Various i'Y'lstallatiol"ls (e.g., tolls) 
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8.12 Assignment of ~es.E_9~sibilities 

8.13 

~esponsibilities for traffic safety are usually delegated 
to the Police, or at least placed under their control. 
These resnonsibilities should be considered the most 
imnortant~ of all. . -

Other responsibilities (dealin~ with the technical 
oneratio~, mai~tena~ce, and administration of the tunnel) 
cannot be dele~ated to the Police for the simple reason 
that t~ey have ~either the technical competence nor the 
equipment to fulfill these responsibilities. Only a 
Tec~~ical Service (part of the Utilization Service), 
comprised of competent personriel and technicians, can 
assume ttiese duties. 

~ecommer,dations 

1Jhile the Technical Service does not present any special 
problems, police jurisdictio~al questions can. The 
fo1lowiri"'. factors s"1ould be considered: 

8.131 Prese~tly, traffic safety in tunnels is, depending on 
t½e situation, the responsibility of: 

* 

* 

the Ge~darmerie in rural areas. --------
the city 2olice in urban areas. 

the c~s (national police) or city police in the case 
of anurba~ tunnel.integrated into a major ~ational 
hi~htoray. 

8.132 In all cases, the Police havi~g jurisdiction over the 
turnel must also have jursidiction over the route on 
w½ich the tunriel is located, or at least over the 
adjacent intercharges above an.d below the tunnel. 

It is equally desirable that they have jurisdic­
tional control over the routes that will be used as 
detours in the event the tunnel is closed. At very 
least the Police havirw.; authority over these routes 
should have sufficient communication with Tunnel Police 
iri order to allow tliem to act rapidly and knowledgeably 
in the even.t of emerg·ency. 
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8.133 There is :no question but that the control of traffic 
at an urban tunnel site is a very complex operation, 
particularly when actions at the tunnel have a signi­
ficant impact upon the utilization of the connecting 
road system (as, for example, when traffic is diverted 
from tur.nel approaches). 

It is, therefore, absolutely :necessary to know 
very early on, from the inception of the project, what 
police authority will have jurisdiction over the tunnel 
and the connectin~ road system, in order to discuss with 
them the necessary organization of the Utilization 
Service, :necessary electrical and electronic equipment, 
and any structural or building requirements. 

8.14 Unified Command -- Possible Solutions 

8.141 This duality of the Police, on the one ~and, and the 
Technical Service, on the other, usually presents 
serious complications for the delineatiol'1 of responsi­
biliti~ and jurisdiction. 

8.142 

It is inco'YJceivable that in major tunnels the 
decision-makir.p,: authority should be divided. Unified 
commard. is ay, indispensable condition for ( 1} safe~ 
in tlie tun.,,,el, and (2) coherent tunnel management. 

The governmental authority responsible for the 
tunnel must find ways of ir1suring this unified command. 
In the case of a tunnel administered by a municipality, 
it should, for example, be possible to create a Utiliza­
tion Service responsible for the utilization of the 
tunnel, into which are integrated, under the authority 
of the Utilization Service's Director, the assigned 
city police personnel. 

There are two conditions that are essential to the 
proper functioning of sue~ administrations; they must 
be fulfilled in all cases: 

* T½e Director of the Service, irrespective of his 
back's!'ound, must assume responsibility and authority 
in all of tl-te following areas: 

traffic control 

- technical co~trol (ventilation, lighting, etc.) 

- manageme~t and administration 

* Law-enforcement personnel (whether from city police, 
Gendarmerie, or CRS) must be attached to the Utiliza­
tion Service on a permanent and not temporary basis. 
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8.2 Automatio:r -- Command Provisior,.s 

~or major tunnels, meetiriP.." con.di tions laid down in 2. 9, 
it becomes evident from the foregoin~ chapters that 
tu~~el utilizatio~ i~volves great complexity in procedures, 
tasks, etc. It is, therefore, necessary that .the iriitia­
tior., synchronizatio:r, a.?1d concater,.atioY1 of operatiori.s 
be automatic. 

~he followirf figure prese~ts in schematic form 
tlie arrival of pertinent data, followed by the issuinp:­
of appronriate orders a~d i"structions. 

8. ?1 ~~t.£1:._)\rri vi "'F-!' at the Command Center 

The various data ay,ri ving from the tu:nnel, its approaches, 
3.rd fr.o1'll the various equipreert i:rstallatio:ns is, of course, 
~ot all of equal imnorta~ce: 

* Of primary importance is the data arriving from the 
sources desig~ated Alarms, Televisio~, Traffic Control, 
and 3lectric-Supply-.--· 

{~ There nust be a continuous monitoring of all the data 
sources; 'iowever, certain of tl-tese sources do not 
require checking wit~ t~e same frequency as do others. 
Checks o~ equipment funotioni~~, pollution levels, 
or lighti~~ ca~, for example, be o~ly periodic. 
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air quality 
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Alarms 
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call-buttons 
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Controls 
signalization 

!)ata Collected 
from Tunnel 

Admir,istration 
Statistics 
Accou:nting 

~1ernory 
and 

Data 
Storage 

Calculatim,s t1a'!"ual or Automatic 
I!!BtructioTis 

/ 
Emergency Interve:ntions 
in Tun:nel or on Approaches 
signalization 
eme:rgey,cy repairing/towing 
detouring of tunnel traffic 
call firemen 
call police 
call technicia'Y'ls 

.CQntinuous 
monitoring 
of egl!iP.ment 
functioni?1..g 
electric supply 
ventilation 
lighting 
auxiliary 

equipment 

Emergency function­
ing of equipment 
electric power 
ventilation 
lighting 

normal functioni~ 
control of traffic 
control of ventilation 
and lighting 
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8.22 Data Analysis 

8.221 Extent of' Data 

* Given the amount of data to be collected and analyzed, 
as well as the necessity that the responses to these 
data be both rapid and coherent, -it is necessary to 
have the entire oper-ation computerized (and otherwise 
automated as fully as possible). 

* The following table offers a schematic enumeration 
in plain tex~ (1.e., not encoded) of the various data 
that must be transmitted continuously to the Command 
CeY'ter. 

This er,umeration is nevertheless incomplete as an 
indication of the complexity of the required programmin..g, 
because it excludes all technical data arriving from 
equipmerit i"nstallation.s in the tunnel, and the instruo­
tion.s based upon these data which are sent back the other 
way. 

The application of these data requirements to a 
one-way tunnel, having two lanes, 1800 m. long, and 
having two ventilation sections, requires (according 
to this partial enumeration) the transmission of 920 
pieces of data from the tunnel to the Command. Center 
(probably even more, once the data are encoded). 
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Partial enumeration (in plain text) of the data that must be 
transmitted to the Command Center, for a one-way tunnel, two 
lanes, of length L, with p blocks and N ventilation sections. 

TyPe of Data Item Position Number of 
data -

from tunnel: 

Alarm Vehicle count each block 2n 
Measure of speed each block 2n 
Fire deteo.tors every 5 m. L/5 
Telephones alcoves n 
Extinguishers alcoves n 
Call~buttons every 40 m. :,on 

(J indications) (each side) 

Signalization Tricolored signals every block lOnt-10 
(5 indicat.lons) 

Lane-change ·signal every block 2nt-2 
work-Ahead sign every other block n 
Accident sign every other block n 
Speed limit s'igns every block 6n 

(3 indications) 
No passing sign every.block 2n 

Ancillary Television camera every block, 20 !_:) nt-2 
traffic before signal · 
controls lights and at 

tunnel portals 
Measure of vehicle each lane befor«p 2 
clearances entrance 

Air quality 00 analyzers Each ventilatio9N 
control Opacity meters section (at center) N 

Anemometers 3 at portals 6 

Exterior Photoelectric cells Each portal 2 
lighting 

from equipment: 

Electric supply Circuit-breakers, 
transformers, etc. 

Not 
Lighting Switches, etc. Calculated 

Ventilation Operating levels 
Temperatures 
Motor speeds, flows, etc. 

Total .59n + 2N + L/,5 + 24 
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8.222 Utilization of pre-established programs. This is 
necessary for the following operations (of. Drawing 10): 

* For normal operations 

- Efficient operation of ventilation system. 

- Control of tunnel illumination. 

* In emergency situations (breakdown, accident, fire, 
loss of power, change of lane direction, etc.). 

- Automated emergency intervention programs (signali­
zation, alarm, ventilation, lighting) for every kind 
of accident or combination of accidents. 

~mergency i~terve:ntion in the event. admissible 
pollution levels or vehicle clearances are exceeded. 

8.23 I~structions and Command 

8.231 ~a~ual and Automatic Command 

* The instructions from the Command Center to either 
the tu~nel or equipment are of two sorts: 

- In normal situations: start-up instructions for 
ventilators. 

- In emer~ency situations: emergency intervention 
orders 1n the following chronological sequence: 
signalization, assistance calls (to police, fire, 
technicians}, and lighting and ventilation. 

* As a ge~eral rule, these instructions should be 
·entirely automated, at least insofar as the initial 
operations ar"'ec"oncerned. 

In the case of an accident blocki~g only one lane, 
the sequence of operations at the command Center should 
require only the following actions of the console operator 
(once the alarm ~as been received and visual verification 
made by television): 

- Designatio~ (to computer) of lane blocked (Right or 
Left). 

- Designation (to computer) of the number of the affected 
block. 

- Initiation of operation described in 6.421, at the same 
time calling upon police to e!!.ter the tunnel. 
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Initiation of operation described in 6.423 (emptying_ 
tunnel above incident, and at the same time calling 
upon repair-towing service to enter the tunnel from 
below). 

- Finally initiation of operation described in 6.424 
(organization for one-lane traffic through tunnel). 

The last two operations can either be automatic or 
manual: 

- All automated operations must, for safety reasons, 
be backed up by manual co~trols, in the event that 
something unexpected happens. 

8.232 Compatibility of instructions issued by the Command. 
Center with those issued by emergency personnel on 
the scene. 

There will be no difficulty in this respect if 
the following conditions are observed: 

* The intervention of tunnel Police is necessarz in 
every emergency situation .• 

* Telephone liaison between police on.the scene and 
t~e Command Center must be continuous during the 
clearing operation. -

* Control over all sig~...alization must be unified; all 
modifications in the signalization must be effected 
by the Command ~enter, after checki~.g with police 
in the tunn.el, si rice only the Command Center is able 
to have a general knowledge of the entire tunnel 
situation, including the approaches. 

8.3 Unified Commay,d Center 

8.31 Reasons for the ce~~ralization of Command 

The -unification of command has numerous advantages; 
only a unified command permits: 

* Unitz of control, i.e., coherence in the instructions 
given and coordination in emergency actions taken. 

* Adeiuate facilities (a computer) for the processing 
of ncoming data. 

* As a consequence of the foregoing, a global view of 
the operation of the tunnel, permitting rational 
decisions on necessary emergency actions. 



* Economical operation of the tunnel, notably by 
reducing personnel requirements for surveillance •. 

8.32 Location of the Command Center 

8.321 Different Functions 
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It is necessary to distinguish between the following: 

* The Command Ce~ter itself where all data is collected 
and all decisions t~ken. 

* Emergency Intervention Stations (police, fire, repair­
towing, etc.) which act only on order of Command Center. 

* Maintenance Stations {technical teams and materiel) 
which also obey instructions from Command Center. 

* Administrative headquarters. 

8.322 Location of the Comm.«nd Center Itself 

* For the type of tunnel being discussed here, i.e., 
those tu,mels equipped with an entirely automated 
and ce~tralized command, it is theoretically speaking 
unimoortant whether the Center is situated close to 
the tunnel. (This would not be true for a smaller 
tun:r.el where the Command Center was not equipped with 
closed-circuit television; in those cases it is wise 
to locate the Command Center so as to be able to 
watoh o~e of the tunnel approaches.) 

* Nevertheless, it is wise, when possible, to locate 
·the entire installation of the Utilization Service 

(Command Center, Emergency and Maintenance Stations, 
etc.) hear one of the tunnel portals. This location 
has several advantages: 

- better functioning and liaison between different 
groups. 

- better personnel administration. 

- saving in investment costs (consolidation of 
buildings and accesses, shorter lines of communi­
cation, etc.) as well as in operating costs 
(office expenses,etc.). 

* Drawing 11 depicts a typical arrangement of the 
Utilization Service complex. 
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Equipment for an Automated Command Center 

The Command Center will include the following elements 
(cf. Drawing 12) : 

* 2 visual displays of the tunnel (which register and 
display incoming data and alarms}: 
- traffic flow and signalization 
- ventilation, lighting, and electric supply 

* Closed-circuit television receivers. A single. 
tunnel, for example, may have: 
- 4 screens that scan particular areas on request 
- 2 screens reserved monitoring emergencies 

* l computing center (possibly air-conditioned): 
- computer, data banks, etc. 
- relay cabinets, automated equipment, etc. 

* l command console with telenhone connections to 
outside as well as to the ciosed system in the 
tunnel. Console has two parts: 
- manual con.trols for all installations: 

electric oower and distribution 
ventilation 
lighting 
signalization (all) 
alarms (police, fire, repair-towing, technicians) 

- automatic of two sorts: 
all emergency action/intervention programs 
designations or all signal blocks and traffic lanes 

8.332 Required floor space for the Command Center (not including 
Emergency Intervention Stations, administration offices, 
etc .• ). 

As a general rule, the computer center is located 
in a~ adjoining room, all other functions are grouped 
in the command room. The necessary floor space is as 
follows: 

Command room 
Computing and relay room 
Director's office 
Archives and work room 
Restrooms 
Heating and air-conditioning 

200-250 
120 
is 
15 
20 
20 

400-450 m2 

(A sample layout is depicted in Drawing 11. ) 
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8.34 Telecommunicati9B!l 

8.341 Importance 

* The Command Center must have direct contact with 
the followi11g groups: 

- public and tunnel telephone systems 
- turnel and its approaches 
- possibly with adjacent road systems 
- emergency stations 
- maintenance stations 
- administrative headquarters 

* The voluminous data to be communicated is of two sorts: 
- telemetry data (analogical) that must be encoded 

before tra!'l.smiss ion 
- state data (all or nothir.g binary data) 

8.342 Safety 

8.4 

8.41 

8.411 

Telecommunications constitute a vital function for the 
tunnel's utilization; therefore, they must as a result 
conform to the followi~_g conditions: 

* Possess their own emergency power source. 

* Possess a~ internal alarm that signals malfunctions 
of the telecommunications system. 

* Permit the priority transmission of certain data: 
- alarms 
- television 
- electric supply 

Eme..r1ency _ and Ha_intenance~. Statio~_J.E9]:_!ce 1 repair-towir::Kt 
fire 

These two stations ar~ usually grouped in order to faci­
litate their operations (cf. Drawing 11). 

On-duty hours 

The present paragraphs do not attempt to enumerate 
personnel requirements (cf. 8.6 below). Rather the 
night-duty personnel requirements are outlined. 

* At the emergency station: 
- 1 police team 
- 1 light towing team {for light vehicles) 

1 fire-rescue team 
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* At the maintenance station: 
- 1 electrical machinery technician 

8. 412 As a general rule, the Utilization Service 1s· respon­
sible for the repair or towing of light vehicles. The 
towing of heavy vehicles is generally contracted. 

Tunnels represent a difficult and dangerous point 
along a highway route. As a result, towing procedures 
presently employed on the open highway are not necessarily 
satisfactory in the tunnel without some modification. 

traving a rapid and efficient emergency road 
service does not dispense with need for signalization 
in the tunnel; quite the contrary, such road service 
is ~eavily dependent upon well-conceived signalization 
procedures. 

8.413 It is also the Utilization Service's responsibility 
to provide initial firefighting service. Recourse 
to surrounding firefighting capabilities will be 
necessary in the case of a serious fire. 

8.42 Proximity and Access to the Tunnel 

8.43 

There are two fundamental problems that govern the 
choice of the location of these installations. 

The access to the two tunnel portals (in the case 
of an expressway tunnel having two tubes) must be direct, 
and the passage from one roadway to the other must be 
secµred either by interchanges located close above and 
below the tunnel or by special service exits. 

In the case of a long tunnel or a tunnel in an 
urban location, police and emergency road service 
capabilities will have to be doubled, with teams placed 
at either erd of the tunnel. 

Technical Installation and Sxterior Apr.Q!!! 
{Not includi:ng Toli-stationsi--~ 

The following installatio~~ are depicted in Drawing 11 
as typical requirements: 

* If possible, there should be a parking apron at each 
tunnel portal to accommodate disabled vehicles. 

* Vehicle garage 200 m2 



* workshop and materiel storage 

* 1{atch room for repair-towing crews 

* 2 offices (accounting, administration, 
and statistics) -

* Restrooms 

* qeating installatio~ 

Approximate Total: 

8.5 Vehicle Requirements (for a major tunnel) 

8.51 Emergency Road Service 

100 m2 

20 

40 

20 

20 

400 m2 
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* A minimum of 1 light tow truck/ entrance= 2 light 
tow trucks 

* Possibly l heavy two truck for the tunnel 

8.52 Fire 

* 2 rescue vehicles equipped with powerful foam 
extinguishers ( 011.e for each tunnel entrance) • 

* Possibly one pumper. 

8.53 Police 

* 6 motorcycles 

8.54 Maintenance 

* 1 specially equipped vehicle for cleaning tunnel 
walls and roadway. 

* 1 specially designed vehicle of reduced width and 
equipped with special work platform for servicing 
lighting. 

* 2-3 light trucks. 
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4dmi,.,istration --~-···-· -~·- -·--·-

* 3 or 4 passenger cars 

Thus a total of 1.5 vehicles are required, of which 
8 are soecially equipped, plus several motorcybles~ 

The vehicles must be well li~hted (with revolving 
lights) and painted with a very visible color. and having 
if possible a reduced width. 

1,1e are here con.cerned with all those tunriels which by 
reason of their length, the amount of traffic they handle, 
or the ~ature of the route, require constant surveillance. 

* ~ertain tasks have to be effected by specialists; thus 
the best solution is to contract this work. 

~or less specialized work, various solutions are 
possible, a,.,d trie exte-r.t to which work will be contracted 
by the Utilization Service will vary, thus i-rfluencing 
sig:rifica.ntly the nerson-rel requirements of the Service. 

* By way of illustration, the following minimal list 
indicates persor'riel ri.ecessary for the maintenance ar.d 
surveillance of this type of tunrel. The list is 
establisl-ted for a major tunnel, of which all installations 
are automated and centralized. 

The list is subject to a possible lengthening 
.deperding upon the tunnel length; it is approximately 
correct for a two-lane tunnel of 2-3 km in an urban 
location, 4-6 km in a rural location. 
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Function DutI Minimal Actual 
hours personnel 

requirement~ 
staff 
reguirements8 

Director, Utilization Service day 1 

Surveillance at Command Center 24 hr J 

Surveillance of ventilation 
and lighti~g day 2 

~aintenance of electrical 
machinery day 1 

Traffic surveillance 24 hr 3 

Normal mainter,.ance day - 5 

Police 

TOTAL 

24 hr 6 

21 

1 

4 

3 

1 

5 

8 

26 

In the case of a non-automated tunnel, it is necessary 
to increase the surveillance in the tunnel as well as at the 
various stations. 

It is difficult to give a precise figure, but it will 
necessarily be greater than 30 people. 

8This is the actual number of individuals to be carried on 
the payrolls. It takes account of leave, sickness, night 
duty, etc. 



Chapter 9. Tunnels lacking a Utilization Service 

9.1 Object of Present Chapter 

Chapters 3-8 have been concerned only with tunnels 
meeting the following conditions (enumerated in l.Jl)~ 

* Co:ntirmous surveillance of traffic. 

* ventilation. 

* Having their own Utilization Service. 

The present chapter undertakes to define the ·more 
modest provisions which can be taken for two other·types 
of tunnels. 
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* Ventilated tunnels which are under continuous sur­
veillance but which are not provided with a Utilization 
Service of their own. This is generally the case for 
short urban tunnels (400-1200 m.) and rural or mountain 
tunnels carryi!'.g relatively light traffic, 800-4000 m. 
in lengt½. 

* Unventilated tunnels· .whieh are not under continuous 
surveillarce, either because the only installations 
requiring attention is the lighting or because these 
turmels are located on an expressway where the sur­
veillance and maintenance is effected for the entire 
route by a single authority. This is the case for 
most mountain tunnels and for most short expressway 
tunnels (length less than 800 m.). 

Given the range of possibilities, the present, 
discussion is necessarily very general. These remarks 
must, therefore,· be adopted to specific cases by mea~~ 
of an analysis of risks and costs involved in each 
possible solution. The principles discussed herein 
are, it will be noted, applicable to tunnels of all 
types -- suitable adaptations being made for the 
materiels and equipment to be provided, as well as 
for the maintenance operations to be effected. As a 
general rule, the provisions for control and regulation 
of traffic should be homogeneous with those for the rest 
of the route on which t'1e tunnel is located. 



9.2 ventilated Tunnels 

9.21 For this type of tunnel, the absence of a Utilization 
Service leads to the r.ejection of certain provisions 
(enumerated in Chapters 3-8) by virtue of certain 
mandatory procedures for traffic control in the event 
of an emergency, these procedures being necessary in 
order to insure absolute safety. 

9.22 Traffic Control 

179 

The required provisions here are similar to those deve­
loped in Chapter 3 for tunnels subject to continuous 
surveillance. The tunnels under discussion here are 
generally heavily travelled, and it is therefore neces­
sary to act rapidly and effectively whenever there is 
any emergency that can affect traffic flow. The tunnel 
is divided i~to successive blocks whose,length 1s on 
the order of 400 m. (cf. 3.211). Each block has a 
tricolored signal light for each lane as well as the 
various provisions discussed in 3.24 for permitting 
the motorist to communicate or act. Closed-circuit 
television and traffic speed control is generally not 
necessary; however, sensors for measuring traffic flow 
are. Tunnel equipment is complemented on the approaches 
by a portico-type sign located at tunnel en.trance and at 
the "unloading" interchange, mentioning traffic conditions 
in the tunnel (speed limit, clearance, etc.). 

9.23 Ventilation and Lighting 

The absence of a Utilization Service requires that 
these installations be completely automatic, determined 
by pollution levels in the tunnel and exterior illumina­
tion. All remarks in Chapter 4 are still applicable. 

9.24 Emergencies 

* The important point here is that these tunnels, despite 
their relative importance, are not under continuous 
surveillance. The manner of management and in parti­
cular the handling of emergencies must be effected 
by the nearest police station in which there is a 
24-hour watch. The watch officer receives all alarms 
from the tunnel, alerts the appropriate emergency 
services, and supervises the emergency intervention 
until the situation is cleared up. 
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* Alarms transmitted to the police station are of.two 
different sorts: 

- those which require an immediate response. These 
concern traffic circulation (telephone calls from 
motorists, esceeding maximum pollution levels, 
etc.) or tunnel equipment (serious electrical 
breakdowns, etc.). 

- those which do not require immediate action (emer­
gency equipment can be sent when it is available). 

Depending upoTI.the route, alarms concerning 
traffic circulation may or may not be automatically 
accompanied by a change of signal lights to red at 
the tunnel entrance and at the interchange above 
the tunnel, as well as a change of ventilation and 
lighting regimes to their maximum levels. 

* The instructions to be given to service personnel in 
the case of an alarm involving traffic circulation 
are the following: 

- immediate police action in situ. The police should 
have some means of manually controlling the signals 
in the tunnel and on the approaches in order to be 
able to regulate the traffic as the emergency requires. 

- possibly the maintenance service will have to be 
called, particularly when tunnel equipment requires 
attention. In this case the police should control 
signalization in the tunnel through the agency of 
the maintenance foreman. 

- in the case of a prolonged disruption of traffic, 
traffic should be detoured at the unloading inter­
change using procedures outlined in 9.22. 

9.25 Tunnel Maintenance 

Periodic visits should be. effected by the local services 
responsible for the tunnel's maintenance. The maintenance 
of electrical machinery and the cleaning operations are 
generally insured by contracts with private enterprises 
(cf. remarks in Chapter 7). 

9.26 Tunnel Utilization 

As can be seen, the absence of a true Utilization Service 
requires recourse to various external organizations: 
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- normal maintenance for the tunnel structure is 
effected by the local qighway Department or Public 
Works Department; maintenance of electrical machinery 
1s contracted to private enterprises specializi:r1g 
in this work. 

- local police maintaining a 24-hour watch are responsible 
for handling emerger.cies arising in the tunnel, notifyi:r1.g 
as necessary other emergency services (fire, repair­
towing, etc.). 

In every case, the manual control of lighting, 
ventilation, am signalization must be provided at a 
single point located at the tunnel. In the case of a 
relatively major urban tunnel, a command building of 
reasorable size (about 200 m2), located close to the 
tunnel, should be provided. Such a structure will 
include: 

- a Command Post which can be temporarily activated by 
the maintenance service in order to i~~ure surveillance 
of the tunnel during an emergency. The Command Post 
will have a console and displays of all tunnel installa­
tions. 

- a service building and an area for storing maintenance 
equipment and materiel. Depending upon the situation 
it may also be necessary to provide a maintenance 
vehicle. 

9.J Unventilated Tunnels 

The utilization of these tur..:nels differs little from 
that of the approaches except for the maintenance of 
the lighting installation. It is necessary only to 
install telephones, connected to the local police 
station, and fire extinguishers, particularly in narrow 
and isolated tunnels. Maintenance is generally provided 
by the local Highway Department or Public Works Department. 

------
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f".!hapter 10. Traffic· 'Reg-ulation in Tmtrtel ·and on~J?I'oaches 

10.l Behavior of Motorists ir, Tunnels 

Studies of motorist behavior in tu:r.:nels are very. lengthy 
and require a wealth of experimental data, either real 
or laboratory simulated. The followi~g remarks based 
upon limited observatio:ris should be regarded only•as 
g-e:neral tendencies. · 

10.11 Ex~ri~ental ijesults 

The followi~.g observatiors can be noted: 

* In very short, straight tunnels (·60-80. m. long) , 
tlie be'liavior of the motorist is closely analogous 
to that on the adjacent open..;air sections of.Jthe 
route. 

* I!'I slio!"'t, strairr.ht turn,els ( 200 . .;:300 m. long) , the 
average· speed· falls about 20 km/hr,. while dispersion 
of veliicle speeds is attenuated. In other words, 
there is an automatic clustering ot' spe,eds around 
A lower average value than that obtaining o~ the 
approacl-ies. 

* I~ lorg tunriels, traffic speed first drops at the 
tuY1nel eritra....,ce, and. tlieri te"'ds to,increase ai;rain 
after several hundred meters .when ,the motorists · 
adapt to the tunnel environment. 

The observ~d dispersion ir traffic speed is 
of particular importance. (Speeds;up to 110-lJ0 
km/'lir have bee?1 observed- in tunnels with posted• 
speed limits of 60 or 80 km/hr. 

10.12 Consequences 

On the basis of these indications -- very partial and 
1~ any event insufficient for drawing a~y formal conclu-
siol1.S -- several tendencies car, be noted: 

* Very short, straight tunnels do not require a~y 
limitation of speeds different from that obtaining 
o~ adjacent sections of the route, since these 
tun~els do not introduce special adaptation 
p'l-ienome'.f"la. 



* Short tunnels or successions of short tunnels 
support well (on expressways) a speed limitation 
which accords with the speed reduction normally 
observed in motorists in the absence of regula­
tions (reduction of about 20 km/hr). 
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* Long turmels require the postir,g of speed limits 
along the entire length of the tunn.el in order to 
maintain speeds judged admissible. 

10. 2 Traffic Regulations for ?v:otorists 

10.21 U:riformitv with Anproaches 

Traffic i~ the tunnel must obey the same restrictions 
as t~at on t~e approaches (clearances, vehicle categories, 
pedestrians, etc.). 

In the case of expressways, the porticos notifying 
motorists of maximum vehicle clearances should be posted 
ahead of the last interchange before the tunnel. 

10.22 Specific ~egulations 

10. 221 Pedestrians, Cyclists, I~o~orcyclists 

* As a general rule, pedestrians are prohibited from 
the tunnel, as are unlicensed vehicles having a 
total engine displacement of less than 50 cm3. 

These provisions are, however, compatible 
with observed behavior; the pedestrian is generally 
little inclined to enter subterranean tunnels which 
are open to light and heavy vehicles. 

* In cases where the tunnel is used by pedestrians, 
it is necessary to make special provisions: 

- proper desig11 of sidewalks, physically separating 
vehicles and pedestrians 

- increased ventilation 

- increased li~hting (should not use sodium vapor 
lights in the interior zone) 

- access 



10.222 Prohibition of Certain categories of Vehicles 

* As a general rule all vehicles transporting 
da;ferous (or noxious) materials are prohibited 
(pe roleums, corrosives, explosives,. and gas 
propelled vehicles). 
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* Also prohibited from.the tunnel are those vehicles 
that endanger either other motorists or the tunnel 
itself (heavy construction equipment, caterpillars 
and other tracked vehicles, vehicles with oversized 
or unstable loads, towed vehicles, eto.). 

* Provisions should be made in the regulations for 
special convoys, depending upon whether they occupy 
the entire roadway or only one lane. 

* In certain. cases, heavy trucks may be prohibited 
from using the tunnel during rush hours or perhaps 
totally in the case of tunnels with special problems 
(e.g., limited clearances). 

* These prohibitions and restrictions should be con­
sidered from the outset of project planning, notably: 

- in order to insure that the tunnel provides 
necessary service {industrial zones, difficulty 
in detouring prohibited traffic, military routes, 
etc.). 

- in order to insure a prooer design of the tunnel 
as required (vertical clearances'; road width, 
parki~.g and waiting areas at tunnel entrances, 
special precautions for safety, etc.). 

10.223 Regula~io:n of Manoeuvres 

* Parkipg must be prohibited in the tunnel and on 
the approaches. Precise instructions must be posted 
concerning emergency parking (e.g., illuminated 
signs located on tunnel walls, bearing the instruc­
tion "Parking Prohibited Except In Emergency"). 

* Passin_g manoeuvres must, in general, obey the 
following rules: 

- completely prohibited for all vehicles in two 
and three-lane tunnels which are two-way 
(instructions posted the length of the tunnel). 

- trucks prohibited from passing in all one-way 
tunnels (except possibly in level tunnels of 
more than two lanes}. 
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* The access of vehicles to the tunnel can be limited, 
or perhaps prohibited, when the maximum flow capacity 
of the tun:nel is reached (particularly for ventila­
tio~) or in the case of an accident in the tunnel. 

* Motorists can be required to shut off motors in 
the even.t of a prolor,ged stop in the tunnel {use 
loudspeakers). 

10.224 Lighting of Vel-ticles 

* Si~ns requiring motorists to turn on their lights 
should be clearly posted ahead of the tu~..nel 
entrance. 

* Use of ~eadlights should be reserved for cases of 
power failure-in the tunnel lighting system. At 
night, the headlights should be turned off when 
entering the tunnel. 

* Use of driving lights or high beams should be 
:prohibited. 

10.3 Presi~~alization 

In all cases, tunnel should be preceded by signs 
arm.ouncirig the turrnel, followed by signs mentioning: 

* Dangers (slowdow!1.S for work zones, etc.). 

* Speed reductions. 

* Prohibitions (-ro passing, etc.). 

* Instructions (turn on fog lights, change lanes, etc.). 

These si~ns should, however, not be multiplied to 
the point that the motorist is ur.able to read them. They 
must be located at a sufficient distance from tunnel 
entrances and repeated at the entrances. 
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Step One: r,hange si~nals to red -- automatic 
Mesures de 1m urgence. Allumage des feux: phase automatique 

B~er~ency intervention· det~rmine the seriousness of problem. 
Acces ues secours et constatatlon de fa grav1te de !'1cc1dent. 

svacuate users from tunnel. 
Evacuation des usagers bloques an tunnel. 
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Evacuat€l emerP.:ency eQuipme;nt (and disaoled. v~hicle}; permit waiting 

vacuauon ses sacours. tco1mmem Iles usag~rs stocus a I extemur vehicles to move. 
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Clearinp.- lane whose direction will be changed. 
Evacuation de la voie devant etre mise a contre sens. 
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Two-way Traffic 
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Chapter 1. OBJECT AND LIMITATIONS OF THIS VOLUME 

1.1 Ob,ject of this Volume 

1.11 The financial data necessary for an estimate of tunnel construction 
costs and operating expenses have been compiled in th.is volume of 
the Tunnel Manual. These data are based on cost/price studies of 
recent construction. 

THEY PERTAIN ONLY TO EXCAVATED (DRIVEN) TUNNELS. 

1.12 At the preliminary design stage, these elements are intended 
to be of assistance as follows: 

* In order to choose among several layouts that may, or may not, 
involve one or several tunnels. 

After adopting one of the variants, 

* In order to establish the approximate layout of tunnel, in 
conjunction with geological considerations. 

* In order to make a preliminary choice of tunnel cross-section, 
taking into account not only construction considerations and 
resultant financial consequences, but also the route's function 
and predicted level of service (traffic load). 

1,13 At the end of Chapter 7, several examples are presented; they should 
permit an evaluation of the economic influence of geological and 
geometric parameters on the final cost of excavated tunnels. These 
examples ought be be considered as simple illustrations of the data 
furnished in the preceding chapters. 

1.2 Tunnel Cost Analysis 

1.21 Itemization of Cost Categories 

The list of items to be taken into account in the financial 
estimate of tunnel cost is lengthly and disparate, due to the numerous 
techniques involved. 
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Chapters 2; 3, 4j and 5 provide a complete itemization of 
constru~ion costs necessary for cost estimation, broken down as 
follows: 

* CONSTRUCTION: ... Excavation and Support 
(Chapter 2) 

* VENTILATION: 
(Chapter 3) 

* LIGHTING 
(Chapter 4) 

- Lining and Underlining 

-- Forming (for concrete) 

... Waterproofing 

- Flooring: 

Roadway 
Sidewalks and curbing 
Drainage 

- Major Construction: 

Stations 
Shafts 
Connecting adits 

- Secondary Construction in Tunnel: 

Ceiling and partitions 
Connecting ducts and vents 

- Electromechanical installations 

Equipment (ventilators, motors, & 
equipment closets) 

Power supply 
Outfitting of ventilation ducts 

* EQUIPMENT NECESSARY FOR TUNNEL EXPLOITATION 

Emergency Pull-off, Recesses, and 
Emergency Exits in Tunnel 

Command Post 
Surveillance, Security, and Signalization 

Equipment in Tunnel, and Power Source 

1.22 Relative Importance of these Various Categories 

1.221 The evaluation of the relative importance of these four major cost 
categories should derive from studies specific to each individual 
case; neverthelesss it is possible to indicate three essential 
principles: 
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* The Construction category is both the most
1
important (40-90% of 

total cost, depending on the circumstances ) and the most amenable 
to analysis. 

* The Ventilation category, non-existent in tunnels that are short 
or little trafficked, can rise to 50% of total tunnel cost in 
certain cases (urban site where traffic is heavy, extremely long 
tunnels, etc.). 

* The Lighting category generally falls within a range of 3-25% of 
total tunnel cost. In certain specific cases, notably for short 
tunnels, this proportion may be much higher. 

* The Equipment Necessary for Exploitation category may reach 15% 
of tunnel cost for those tunnels having their own management 
service. This includes related construction costs. 

1.222 On the average, it should be acknowledged that studies and site 
surveys for these projects comprise 7% of construction costs (approxi­
mately 3.5% for studies and 3,5% for site surveys). These are 
substantial percentages (which may, however, decrease in proportion 
to the length of the tunnel), but they are justified by the com­
plexity of the problems involved in tunnel construction, as well as 
by the necessity of accurate estimates. 

1.3 Job Prices and Unit Prices 

The high cost per kilometer of tunnels is affected by a 
dual imprecision that reflects: 

* 

* 

In part, uncertainties linked to geological factors and to the 
actual formation of the terrain. 

In part, variations linked to price fluctuations in a restricted 
market. 

Thorough geological studies, however, are capable of limiting 
the importance of the first factor. 

1.31 Definition of Job Prices 

In order to limit the second factor of imprecision, a thorough 
analysis has been made, over a considerable period of time, of Job 
prices; these prices have been obtained for all tunnels constructed 
in France in recent years. 

1And sometimes more, if exceptional construction difficulties arise. 
Moreover, the Construction category will obviously reach 100% when 
no equipment is involved (e.g., in an extremely short tunnel). 
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Job prices are defined in the following manner: 

* They are lump-sum prices: they differ therefore from unit 
prices, and furthermore attempt to group related operations 
into major categories. They include fixed contractual charges 
for the installation and removal of the work site. 

* They are total prices, calculated upon the termination of 
construction, onreextras, claims, and revaluations have been 
included in the expenditure. For this reason, they do not 
as a general rule (except in the case of exceptional diffi­
culties) require the withholding of a contingency reserve. 

* Finally, they are statistical averages, based on the analysis 
of a large number of projects, and are therefore applicable to 
future projects (while taking certain very important precautions). 

1.32 Itemization of Job Prices 

Of the list presented under 1.21 above, the follow items 
are to be estimated in terms of job prices: 

* Construction: - Excavation 
- Lining 
- Framing (for concrete) 

* Ventilation 

* Lighting 

1.33 Itemization of Unit Prices 

For other items, the available data remain insufficient to 
establish job prices; it is necessary therefore to consider them 
as traditional unit prices -- specifically, it is necessary in 
each case both to effect a separate analysis taking into consideration 
the particular circumstances at hand and to set aside monies for a 
contingency reserve fund. ' 

The following items are to be estimated in terms of unit 
prices: 

* Construction: - Waterproofing 
- Flooring 

* Ventilation: - Major Construction 
- Secondary Construction 

* Equipment Necessary for Tunnel Exploitation 
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1.34 Precautions in the Use of Job Prices 

1.341 Critical Remarks 

The apparent simplicity and precision of job prices in no 
way obviates the necessity of undertaking those studies that will 
be required in each particular case. 

For example, with regard to the cost of excavation and support, 
any application of job prices without prior geological and geotechnical 
studies would be destined to failure. 

Job price is, of course, never more than a simple multiplying 
coefficient. In practice, it is important to be as precise as 
possible, both in the evaluation of the quantity of work and in 
anticipation of possible construction difficulties. 

1.342 Reserve Funds for Contingencies 

As a general rule, all of the items defined in 1.32, for 
which job prices are available, do not require a reserve fund. 

A reserve fund is necessary only in case of uncertainty about 
technical estimates. For example, in the application of the pre­
viously cited job prices for excavation, a reserve fund should not 
be anticipated for a section of homogeneous terrain, except where 
major uncertainties about the actual formation of the terrain to be 
excavated still remain after detailed geological studies have been 
carried out. 

Finally, these remarks in no way preclude the necessity of 
setting aside contingency funds based on the total estimated cost 
of the highway project encompassing the tunnel. Such funds may be 
necessary in order to cover construction that has not been anticipated. 

1.4 Structures or Parts of Structures Considered in this Volume 

1.41 Structures Considered 

The present document is applicable to: 

* Both equipment (ventilation, lighting, equipment necessary for 
exploitation) and operation of all types of tunnels regardless 
of function or method of construction. 

* Structural work, solely for excavated tunnels (excluding machine­
drilled tunnels, immersed caissons, and covered trenches), whose 
lining (when there is one) is fabricated of cast-in-place concrete. 
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1.42 Parts of Structures Considered 

1.5 

All aspects of construction in the traffic gallery are 
considered in this document. 

Construction of tunnel portals and unusual tunnel sections 
(enlargements, subterranean interchanges, etc.) and construction 
through very difficult geological zones (very poor terrain) should 
be the object of separate studies, as the data furnished herein 
arenot generally applicable. 

It therefore follows, to take a simple case, that construction 
cost estimates for an excavated tunnel should be comprised of three 
distinct parts: 

* 

* 

The entire traffic gallery -- for which the data provided in 
Chapters 2, 3, 4, and 5 should be used. 

Tunnel portals and entrance cuts -- to be estimated separately 
on the basis of individual studies and measurement. 

* Tunnel sections passing through zones of very poor terrain 
to be estimated separately. 

Price Updating 

All prices indicated in the present document are valid, as of 
January 1, 1969, under existing economic conditions in France. As 
indicated, they include all taxes. 

These prices will require systematic revision each year by the 
appropriate agency. 

1.6 Directions for Use of this Volume 

1.61 Tunnel construction costs can be defined as the sum of all cost items 
e~umerated in Chapters 2, 3, 4, and 5. In addition, construction of 
tunnel portals and sections passing through very poor terrain must, 
as was indicated in 1.4, be considered separately. 

1.62 This document defines for each cost category to be taken into account, 
the formulae, charts, and cost figures that are generally applicable 
up until the PPS stage. (In those cases where the data are too impre­
cise to be us;a-in the !f§_, this fact is indicated.) 

For certain categorizes, these items have been provided in the 
form of detailed cost itemizations; this should permit undertaking more 
detailed cost studies. 
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Chapter 2. CONSTRUCTION 

Defintion of Construction Category 

The Construction category includes, within the limits of the 
structures or parts of structures indicated in 1.4, the following 
cost items: 

Excavation, including temporary supports 

Permanent reinforced concrete linings 

Possibly a reinforced concrete underlining 

Framing (for pouring of concrete lining) 

Waterproofing 

Flooring {Roadway, sidewalks, drainage) 

Miscellaneous Supplementary Costs 

2.2 Estimation Process 

2.21 General Outline of Process 

Geological and geotechnical studies, as well as dimensioning 
studies, should permit the following: 

* To delineate along the entire length of the tunnel those zones 
presenting similar excavation and support difficulties (See the 
5 terrain categories specified in 2.22). 

* To define for each zone thus specified the lining, underlining, 
and waterproofing deemed necessary. 

* To arrive at all the geometric quantities required for the 
estimate of costs for each zone (See 2.23). 
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2.22 Definition of Terrain Categories 

The job prices of excavation and support are dependent on 
the nature and difficulties of excavating the terrain. As indicated 
in the following table, 5 different categories of terrain are dis­
tinguished; these categories are defined both by the temporary support 
requirements and by the envisaged construction method. 

~errain Category Nature of Supports 

Very good terrain No support. 

Possible Construction 
Methods (ty:pe of headings) 

Full-face 

-----------------------i,....--------------
Good terrain Bolting and possibly Full or half-face 

-----------------------~--------------
Difficult terrain Ribbing & lagging; 

shotcrete or under­
lining; no support 
above working face. 

Half-face or side drift 

-----------------------~----------------
Poor terrain Support work progresses Side drift 

with advancement of the 
working face; plating 
above working face if 
necessary. 

--------------------------------------
Very poor terrain 
(not estimated in 
terms of job price 

Preliminary treatment 
of terrain; complete 
plating. 

2.23 Definition of Geometric Quantities 

Extremely variable 

The definition of the theoretical sections of excavation, 
lining, and underlining, as well as of the evolute of the forming 
for concrete -- in short, of all the geometric quantities necessary 
for application of job or unit princes -- is based on a combination of: 

* The geometric dimensioning envisioned for the tunnel (road width, 
vertical clearance, width of insulators, and circular cross-section 
of tunnel vault). 

* The category of the terrain in question generally dictates: 

- the necessity of an underlining. 

- the total thickness of the lining to be constructed. 
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Information pertaining to the definition of these geometric 
quantities and to the choice of lining thickness, which depends upon 
the category of the terrain in question, is to be found in Chapter 8. 

2.24 Formulae for the Calculation of Construction Costs: 

In order to obtain the estimated construction cost per linear 
meter of tunnel, it is convenient to apply one of the two following 
formulae: 

H;y:i::othesis Cost Eer Linear Meter 

Excavation without casa + C S + C D + C D + Cpl 
underlining r r C C e C 

Excavation with C'S + C s + C .s . + C S + 
underlining d d rs rs r1. r1. pp 

C D + CD + Cpl C C e C 

where notation is defined as follows: 



Symbol Definition ~ 

Sd Theoretical section for excavation 2 
m 

s Theoretical section for lining 2 
m r 

s Theoretical section for lining of 2 
m rs 

upper half of cross~section 

s Theoretical section for l.ining of 2 
ri m 

lower half of cross-section 

s Theoretical section for underlining 2 m p 

D Evolute of forming for concrete work 2 
m 

C 

Cd Job price for excavation F/m 3 

C' Job price for excavation with under- F/m 3 
d lining 

C Job price for lining F/m3 
r 

C Job price for lining upper half F/m3 
rs of cross-section 

C 
ri Job price for lining lower half F/m3 

of cross-section 

C Job price for underlining F/m3 
p 

C Job price 
C 

for forming F/m2 

C Unit price for waterproofing F/m2 
e 

Cpl Unit price for flooring F/m 
' 

2.3 Job Price for Excavation 

2.31 Composition of Job Price 

2.311 The fixed job price per linear meter of tunnel includes: 

* Subterranean excavation. 
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Reference 

Chapter 8 

2.3 

2.3 

2.4 

2.4 

2.4 

2.5 

2.6 

2.7 

2.8 

* Mucking and removal of rubble to a point 1 km from tunnel 
portal. 



* Furnishing and installation of temporary supports, 
including all related expenses. 

* Backfilling of overbreaks. 

* Installation and removal of work site & equipment. 
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2.312 Job price does not include supplementary costs arising from an 
increase in: 

* Length 

* Gradient See 2.9 

* Ground water intrusion J 
2.313 Job prices are a function of the category of terrain traversed 

(very good, good, difficult, poor). The terrain categorization 
should be based on exploratory studies. 

2.32 Applicable Job Prices 

Job prices for excavation are provided by the following 
curves. [The accompanying table provides information necessary for 
entering the figure.] 



Nature of Terrain 

Very good terrain 

Good terrain: 

* Systematic bolting 
in arch (1 bolt per 
2 m2 ). 

* Heavy bolting over 
entire section 
(1 bolt per m2 ). 

Difficult terrain 
without reinforced 
underlining. 

Interval between ribs: 

* 1.5 m 

* 1.0 m 

* 0.5 m 

Difficult terrain 
with reinforced 
underlining 

Poor terrain 

Very poor terrain 

Curve 

l 

2 

3 

4 

5 

6 

4 ~ 5 
or 6 

7 

Minimal Thickness of 
Concrete Linins at 
Apex of Vault (see 
Chapter 7). This 
dimension used for 
calculating S d. 

0 or 30 cm 

40 cm 

40 cm 

60 cm 

60 cm 

60 cm 
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Comments 

Job price includes 
all construction 
problems that may 
arise -- e.g., 
problems with 
supports. It also 
includes cost of 
shotcrete lining 
when there is one. 

Cd= 0.9 Cd should be used 

80 cm See 2.332 

Departs from the limits of present data on 
job prices. Extremely detailed exploratory 
studies are necessary. 
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2.33 Critical Remarks 

2,331 Concrete thickness. The figures provided in column 3 of the 
preceding table are only representative. If the zone in 
question is short in length, the lining thickness of adjacent 
zones should be adopted if it is of a greater thickness. 

2.332 Poor Terrain. Curve no. 7 is meant only to indicate the order 
of magnitude of the job For a precise cost estimate, 
detailed studies must be made of the excavation techniques to be 
employed (type of heading, supports, etc.). This will lead 
to separate estimates for the different phases of construction. 
The various curves shown in the figure can be used for estimating 
the cost of these different phases. 

2.333 Very poor terrain. In those cases where the zone of very poor 
terrain is short relative to the entire tunnel length, it will 
usually suffice for Proposal Document studies to predict a cost 
doubling for construction in the zone of poor terrain. A precise 
estimate can only be reached through a detailed study of proposed 
excavation techniques. 

2.4 Job Price for Lining 

2.41 Contents of Job Price 

2.411 The fixed job price per linear meter of tunnel includes: 

* Furnishing and placing of concrete. 

* Filling of overbreak. 

* Grouting and packing. 

* Installation and removal of work site and equipment. 

2.412 Job are valid for a concrete having a 300 kg mix 
proportion of CPA or CLK cement, placed using a submerged 
nozzle technique. 

2.413 Job prices do no~ include: 

* Extras (see 2.9). 

* Forming costs (see 2.6). 

* Special concrete mixes requiring more concrete or special 
additives; they should be covered by supplementary estimate. 

* Filling unusually large bells (cavities). 



2.42 Theoretical Section for Lining: s ' s ' s . r rs ri 
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Theoretical sections are determined in accordance with 
instructions contained in Chapter 8, using data provided in 
Table 2.32 (lining thickness of o, 30, 40, 60 or 80 cm at apex 
of vault depending on the terrain category). 

2.43 Job Price for Given Theoretical Section 

The following values are applicable: 

Job Price per m3 of Cast-in-Place Concrete Lining 

(in Francs per m2 of theoretical section) 

If there is no cast concrete 
under lining; 

C = 224 
r 

If is a cast concrete C = 187 ( in such a case 
underlining: rs there will be no 

filling of 
breaks.) 

C = 224 
ri 

2.5 Job Price for Cast Concrete Underlining 

2.51 Contents of Job Price 

2.511 The fixed job price per linear meter of tunnel includes: 

* Furnishing and pouring of underlining concrete. 

* Temporary forming (including coffer dams). 

* .Filling of overbreak. 

* Installation and removal of work site and equipment. 

over-

2.512 Job prices do not include the filling of large bells or 
cavities when irregularities in the terrain are encountered. 

2.52 Theoretical Section for Cast Concrete Underlining: Sp 

Theoretical sections are determined in accordance with 
instruction contained in Chapter 8. In many cases, S will be 
the cross-sectional area between the extrados and int~ados of 
the ribs on the entire upper half section. 
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Exact dimensions are calculated on the basis of hypotheses 
about the loading and stability of the tunnel vauJ.t. 

2,521 Job Price for a Given Theoretical Section S 
p 

The following value is to be used: 

Hypothesis Job Price for Cast-in-Place 
Concrete Underlining Eer m3 
(in Francs per m2 of theoretical 
section S ) 

p 

Minimal thickness 375 
of 20 cm 

2.6 Job Price for Forming 

2.61 Contents of Job Price 

The fixed job price per linear meter of tunnel includes the 
cost of furnishing and erecting forms, including the possible con­
struction of necessary runways to allow delivery of concrete. 

2.62 The Evolute of the Forming D 
C 

2.63 

The evolute of the forming, expressed in meters, is defined 
in Chapter 8. 

Job Price for Given Evolute D 
C 

The following graph expresses job price as a function of the 
length of tunnel section over which the same forms can be used. 
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PRIX D'ORORE EN FRANCS PAR M2 Job Price for Forming(in Francs/m:?) 
DE COFFRAGE (1.1.1970 l 

40 

30 

20 

10 

Q 

2.7 

2. 
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I 
I 

l 

I .. r 
I 

I 
I • 

i 
I I 

500 1000 1500 2000 2500 

Utilization Length (in meters of tunnel) 
LONGUEUR D'UTlllSATION 

EN METRES OE TUNNEL 

Waterproofing Estimate 

The. waterproofing estimate for a traffic tunnel requires detailed 
studies in each case, as costs vary greatly depending on the type 
of waterproofing in question: 

* The cost of an umbr2lla drainage system (for the vault) can 
vary from 60-90 F/m. 

* The 
not 
the 

cost of extrados waterproofing varies from225-50 F/m
2

, 
including the cost of shotcrete (15-50 F/m depending on 
thickness). 

* The cost of wa~erproofing interposed between linings varies 
from 25-50 F/m, not including the cost of the interior lining, 
which must be estimated separately. 

* The cost of intrados ~aterproofing can vary from 15 F/m
2 

for simple 
painting to 60-80 F/m for resins or thick reinforced glazes. 
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2.72 As a first approximation, one can expect the following average 
cost: 

Unit Price in Francs per m2 of 
surface treated 

50 

In cases of serious groundwater problems, or in the case of 
construction below the water table, this figure should be consider­
ably augmented, especially if one considers the indirect costs 
related to waterproofing under these conditions: e.g., the required 
double lining, etc. A detailed study should be made in each case. 

An adequately precise cost estimate can only be obtained after 
choice of type of waterproofing (see Volume II, section 4). 

2.8 Flooring Estimate 

Information is furnished in this section for calculating 
Cpl, the flooring cost per linear meter of tunnel. This cost 
is in each case a function of road width and the type of drainage 
and sidewalks. 

2.81 Detailed Prices 

Roadway dimensions should be derived from a detailed study 
of each case. Selected sample sections for tunnel roadways are 
described in Volume II, section 5, In each case, a supplementary 
economic study is necessary in order to weigh the increased costs 
of light-colored aggregate against the added investment and operating 
costs necessitated by a darker road surface. Availability and cost 
of the lighter aggregate will be an important factor here. 

The unit prices given below include furnishing and installa­
tion, and take into account the special difficulties encountered 
in tunnel paving. If large quantities of these materials are 
used (e.g., paving of an entire section of highway), then the 
costs will be lower. 
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Materials Cost 12er Densiti Cost per m3 

metric ton 

Bituminous concrete 
(B 0/10 or B 0/14) 70 Francs 2.3-2.4 150 Francs 

Bituminous concrete 
(60% light-colored 200 2.3-2.4 500 
aggregate) 

Light-colored topping 45 2.3 105 

Slag aggregate 35 2.27 80 

Cement aggregate 40 2.20 90 

Untreated aggregate /40 15 2.2-2.3 35 

Cement concrete -- 2.45 135 

2. Job Price for Use up until and including the PPS 

As the excavation of the roadway is included under the 
Excavation category, the Pavement category includes only the 
paving itself. 

2 By way of example, the cost perm of pavement, for which 
plans are provided in Volume II, section 5, varies between: 

45-56 Fon sound rock 

56-65 Fon altered rock 

(this includes both the cost of filling any cavities in the roadbed 
and the cost of a 4% superelevation). 

For preliminary studies up to and including the PPS, and 
barring a more precise study having been carried out during this 
stage, the following job price is applicable: 

2 Job Price for Pavement in Francs perm of pavement 60 
(over entire road width) 
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2.82 Drainage 

2.821 The precise dimensioning of the drainage system for the tunnel 
is dependent upon the extent of the groundwater problem (flow 
and location) and on the longitudinal profile of the tunnel. 
These factors can be definitively established only after comple­
tion of major construction; however, it is advisable, once pre­
liminary studies have been completed to draw up various contingency 
plans on the basis of information available from these studies. 

2.822 Job Prices Valid up until and including the PPS 

The Drainage category includes: 

* Furnishing and installing all elements necessary for drainage 
of the tunnel floor (channels, drains, manholes, porous concrete, 
etc. ) . 

* Effecting necessary enlargements in cross-section to accom­
modate these elements. 

Job prices do not include drainage system for vault itself 
(flexible tubing, etc.) that are included under the Construction 
category. 

For preliminary estimates, up until and including the PPS, 
and in the absence of more precise studies, the following job 
prices are applicable: 

Job Price for Drainage (in Francs per linear meter of tunnel) 

For case of sidewalk 50 cm wide with drainage channel 300 
located under roadway 

For case of sidewalk 75 cm wide with drainage channel 350 
located under sidewalk 

2.823 Detailed Prices 

By way of example and for lack of more precise information, 
the following prices are applicable for detailed cost studies: 
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Drainage Structure Cost in Francs Unit --

Channel 3 + 0.12D Linear meter of channel 
(D = inside diameter of 
channel in mm. ) 

Vertical drain 13 Linear meter of drain 
embedded in 
concrete 

Manhole 400 Apiece (furnishing and 
installing) 

Porous concrete 110 m3 

2.83 Cableways and Sidewalks 

2.831 The cableway-sidewalk assembly is usually composed of a prefabricated 
sidewalk curbing and a concrete cableway covered with small removable 
flagstones. Various solutions are possible, so it is recommended 
that a detailed study be devoted to each case. 

2.832 Unit Prices Valid up until and including the PPS 

For preliminary estimates up until and including the PPS, 
and in the absence of more precise studies, the following prices 
are applicable : 

Cost of Cableway-Sidewalks in Francs per linear meter 

Construction Category 

Sidewalk curbing 

Cableway (for a sidewalk 75 cm wide) 

Cableway (for a sidewalk 50 cm wide) 

Unit Price 

40 

75 

50 
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2.9 Miscellaneous Increases in Price 

The job prices furnished above depend solely upon a limited 
number of parameters (quality of terrain, tunnel cross-section, 
thickness of tunnel lining). 

It is necessary to increase certain of these prices in order 
to take into account the length or grade of the tunnel or special 
groundwater intrusion problems. 

2.91 Tunnel Length 

In short tunnels, construction costs are relatively independent 
of tunnel length; however, in long tunnels, protracted transport 
distances and increased ventilation requirements augment excavation 
and concrete-work expenses. 

The following increases are applicable to the prices CdCd, 
CC , C . , and C : 

r rs r1 p 

PRICE INCREASES DUE TO LENGTH 

To Be Applied to Job Prices for 
Excavation, Lining, and Underlining 

% increase 

2,92 Tunnel Grade 

2.921 Ascending Heading 

Steep grades slow down transport 
Increases are applicable to the prices 
C (see figure below). 

p 

distance from portal 
to heading in kilometers 

operations in the tunnel. 
Cd, Dd', C , C , C . , and r rs ri 
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2.921 Descending Heading 

and 
the 

A fixed increase of 4% is applicable to the prices Cd, Cd, 
Cp in order to take into account dewatering operations and 
required deepening of drainage channels. 

This increase is to be added to the preceded increase for 
ascending headings. 

% increase 

% DE MAJORATION 
4 

2 

0 

PRICE INCREASES DUE TO GRADE 

To Be Applied to Job Price for 
Excavation, Lining, and Underlining 

··· ___ •• _:~-~--~. 
2 3 4 

DEClll/lTE EN % 

% grade 

2.93 Serious Groundwater Intrusion 

Estimates of groundwater flow should be made over sections 
of tunnel 100 meters in length. 

The following price increases are applicable to the job price 
for excavation. 

Price Increases for Groundwater Intrusion 

To Be Applied to Average Excavation Costs Cd and C' d 

Estimated groundwater flow % increase 
over a 100 meter length 

Less than 20 liters/sec 0 

20-50 liters/sec 5 

50-100 liters/sec 10 

100-200 liters/sec 15 
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These increases are comprehensive, including costs for 
preliminary dewatering. 

They should be added to the increases envisaged in 2.91 
and 2,92, when these last are eq~ally applicable. 

2.94 Construction in Urban Sites 

In general, construction in urban sites is more expensive 
than in rural sites. Consequently, it is necessary to: 

* Carefully estimate the cost of excavation that often necessitates 
expensive methods (side-drift headings, forepoling, etc,). 

* Evaluate separately the often high costs of transporting 
excavated material from the work site. 

* Study the price increases due to possible limitations on 
blasting. 

As a result of the diverse situations that may be encountered, 
it is not possible to furnish the price increase coefficients for 
construction in urban sites, but it is imperative to be well aware 
of these difficulties. 

2.10 Precision of Estimates 

The financial importance of the Construction category 
requires that it be evaluated with the greatest possible precision. 

2.101 PD and PPS 

For these two stages, the resultant precision depends 
heavily on the quality of the antecedent exploratory studies. 

The agency responsible for geological and geotechnical 
studies should be closely involved with cost estimation, for 
it alone can effectively evaluate the potential impact of 
unresolved uncertainties. Consequently, it can be invaluable 
in establishing the a.mount of contingency monies to be included 
in the estimates. It should be remembered that these contingency 
fUnds are included only in order to limit risks of subsequent cost 
over-runs, particularly in zones of very poor terrain that remain 
poorly evaluated or perhaps wrongly evaluated, or in zones where 
terrain quality is not known. 

Taking these conditions into consideration, the prices 
furnished above are applicable for the PD. They are equally 
applicable for the PPS, subject to qualifications in 2.332 for 
poor terrain, 2.333 for very poor terrain, and to specific studies 
dealing with waterproofing. 
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2.102 DPPS and CSDC 

During the final stage of the DPPS and when contract speci­
fications are being drawn up, a vecy complete and detailed estimate 
should be made. 

The concern is less with the precision of the estimate than 
with an accurate estimate of possible error. 

This consideration does not enter into the scope of the 
document, but pertains to the drawing up of the CSDC and the schedule 
of prices. 



3.1 

Chapter 3, VENTILATION 

Definition of the Ventilation Category 

As indicated in Volume III, section 3, ventilation includes 
the following cost items: 

* Heavy Construction: 

- Ventilation Stations 

- Ventilation Shafts 

- Connecting Adits (between station, tunnel, and surface) 

* Secondary Construction: 

- Ventilation Ceilings 

- Ventilation Partitions 

- Connecting Ducts and Air Vents 

* Electromechanical Installation: 

- Equipment (ventilators, motors, and equipment closets) 

- Outfitting of Ventilation System (ducts, transition sections, 
catwalks, outfitting of elbows, shutter assemblies for intake 
bays, control apparatus for stations). 

- Soundproofing of Ventilation Stations. 

- Power Supply (transformers, cables). 

- Ancillary construction (cableways, sealing, lighting and heating 
of stations, office equipment). 
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3.2 Prices for Heavy Construction 

The number and location of the ventilation stations should 
be based on ventilation studies, as well as on the dimensions of 
envisioned stations. 

3.211 Surface Stations 

Each case introduces its own particular problems. The 
dimensions can vary according to the number of ventilators, the 
available space, the environment (urban or rural), the character­
istics of the soil and sub-soil, etc. As for the costs, they 
will depend on the site, the terrain costs, etc. 

A separate study should be made for each case. 

By way of example, the cost of a surface station having 
three ventilators varies, on the average, between 1.5 and 2.0 
million Francs. 

3.212 Subterranean Stations 

3.22 

In general (though not always), there exists sufficient 
latitude for implanting subterranean stations in terrain favorable 
to excavations of large cross-section, 

For cross-sections of less than 180 m2 , the price data 
furnished in Chapter 2(Construction) are applicable. 

For sections which exceed this 180 m2 figure, a study 
should be made in each case, based on the envisaged construction 
procedure. 

Ventilation Shafts 

Cost figures for estimating ventilation shafts are practically 
non-existent. Consequently, in order to estimate the cost of shafts 
(whether vertical or oblique) it is necessary to undertake specific 
studies, engaging the assistance, if necessary, of the appropriate 
specialists (e.g., from Electricite de France -- [the national utility]). 
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A simplified method of estimating the cost of vertical shafts 
involves treating as if they were horizontal galleries for estimating 
purposes, then adding: 

* For excavation, ·a surcharge of 0. 20 h2 /2 Francs per m3 excavated 
for cases where excavation is from below, and a surcharge of 
0.50 h2/2 Francs per m3 for cases where excavation is from above. 

* For the lining, a surcharge of 20+50h Francs per m3 of concrete. 
(h = the total height in meters of the shaft.) 

For estimation purposes, structures implanted at the top of 
shafts fall under the category of open-air structures. 

3.23 Connecting Adits 

This refers both to air ducts and to passageways for tunnel 
personnel. 

In the case of a subterranean adit, the costs figures provided 
in Chapter 2 are applicable. In the case of an above-ground adit, 
it is necessary to refer to fixed base prices for open-air structures. 

3.24 Longitudinal Ventilation 

3.3 

3.31 

Heavy construction for longitudinal ventilation includes: 

* Anchorage of ventilators: 1,000 F per ventilator 

* The electric power substation: 0.10-0.20 million Francs 

Prices for Secondary Construction 

Ventilation Ceilings 

The design of ceilings depend on their span and the loading 
to which they will be subjected (see Volume III_, section 1). 

For preliminary studies up until and including the PPS~ the 
following cost is applicable: 

Average Ceiling Cost 

in Francs per m2 of installed ceiling 150 



3.32 Ventilation Partitions 

These are not generally considered as supporting structures. 
But if the partition is to be loaded, a specific study should be 
undertaken. 

For preliminary studies up until and including the PPS, 
the following cost is applicable: 

Average Partition Cost 
2 in Francs perm of installed partition 

3,33 Connecting Ducts and Air Vents 

80 

In order to determine their n'lllllber and location, it is 
necessary to refer to Vol'llllle III, section 1. As a first 
approximation, each of these should allow for the distribution 
or collection of one m3 per second. 

For preliminary studies, up until and including the PPS, 
the following unit costs are applicable: 

Unit Costs of Connecting Ducts and Air Vents 

in Francs (furnishing and installation; all costs included) 

3.4 Job Prices for Electromechanical Installation 

3.41 Items to Be Considered 

c1 : Equipment (ventilators, motors, equipment closets) 

Outfitting of ventilation system (ducts, transition sections, 
catwalks, outfitting of elbows, shutters for exhaust bays, 
control apparatus in stations). 

Soundproofing of ventilation stations. 

Power supply (transformers, cables). 

Ancillary construction (cableways, sealing of ducts, lighting 
and heating of ventilation stations, office equipment). 



3.42 Longitudinal Ventilation Using Accelators 

3.421 Parameters to Be Determined 

m: number of groups of accelerators 

L: length of tunnel or tunnels (in Meters) 

P: total power installed (in kw) 

z: force on ventilator mounting ( in newtons) 

3.422 Cost Evaluation Formulae for Electromechanical Installation 

The following formulae are applicable: 

Cost of Electromechanical Installation (in Francs) 

One-way traffic Two-way traffic 

Cl 7oz lOOz 

c2 0 

c3 0 

C4 
350P+75:rr.P ( if m <. 7) 

350P+75mP+l50L (ifm;,-7) 

c5 15 ,000-20_,000 per Control Room 

3,43 Semi-Pseudo-Transversal Ventilation 

3,431 Parameters to Be Determined 

L: length of Tunnel (in meters) 

P: total power installed for ventilation (in kW) 

32 

Q: total ventilation flow of fresh and polluted air (in m3/s) 

N: total number of ventilation stations 

n: total number of ventilators at each station 
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3.432 Cost Evaluation Formulae for Electromechanical Installation 

The following formulae are applicable: 

Cost of Electromechanical Installation -- in Francs 

Cl 6.5PQ+40,000n ( if PQ/n2 
<. 10,000) 

n 

4.5PQ+60,000n (if PQ/n2 ,. 10,000) 
n 

c2 4oo-800Q depending on the relative amounts of steel and 
concrete used, 

c3 200-300Q in rural sites 

400-600Q in urban sites 

C4 200P+l50L (see fn 1) 

c5 15,000-20,000 per control room+ 10,000n 

1 For an emergency power source of k% of P, 500kP should be added to this 
formula. 
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4.2 

4.21 
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Chapter 4. LIGHTING 

Definition of the LIGHTING category 

As indicated in Volume III, section 2, lighting includes 
the following equipment: 

Lighting apparatus in tunnel (in interior and reinforced 
entrance zones), including light sources (flourescent or 
sodium). 

Electric power distri~ution system, connecting with public 
utility's high-voltage system (and including transformers, 
etc.). 

Sunscreens. 

Sample Application 

Calculation Procedure 

Application of the job prices furnished below in 4.3 pre­
supposes a knowledge of: 

* Road surface S to be lighted (in m2 ). For calculation purposes 
the width of the roadway is increased by 2 meters in order to 
take into account lighting required for sidewalks, curbing, and 
walls. 

* Chosen intensity of lighting E (in lux) for each zone. 

The evaluation procedure consists of calculating the product 
ES for each of the lighting zones in the tunnel, taking into 
consideration the fact that the lighting apparatus used in the 
tunnel's interior section should be extended through the zone of 
reinforced lighting to the tunnel portals in order to assure 
continuity of tunnel lighting when the reinforcing lighting at the 
tunnel extremities is not in service. 
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The required illumination levels have been specified in Vol­
ume III, section 2. 

4.22 Sample Application 

250 

0 
50 

In the following diagrams, the tunnel is presumed to have 
a total length of 1 km and a road width of 10 m. 

1500lux 

500 lux 

5 0 l u x 

[[n\rfij 
I I Entre 

3 9 5 

StMS Of CIRCUlATION 
OlS ~[HICUl[S 

Direction of traffic 

Exit 

Lighting Schema (Using only Sodium Sources) 

CD 0 Reinforcement RENfORCEMENT 

Base Lighting ECLAIRAGE DE BASE 



The calculation procedure is as follows: 

* Base lighting (flourescent tubes) 

1000 m. x (10+2) m. x 50 lux 

* Entrance-zone reinforcement 

G) Sodium 180 W: 

50 m. x (10+2) m. x 1,450 lux 

@ Sodium 180 W: 

= 

= 
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2 600,000 lux-m 

2 870,000 lux-m 

285 m. x (10+2) m. x 

Q) Sodium 90 W: 

1 2 (250+1200) lux x o.8 = 2,320,000 lux-m 

60 ID, X (10+2) 

2 

1 m. X (250) X 0.8 
2 

* Exit-zone reinforcement 

Sodium 90 W: 

80 m. x (10+2) m. x (450) lux 
2 

4,3 Job Price for Lighting; Cost of Sunscreens 

4.31 Job Price for Lighting Installation 

= 

= 

2 72,000 lux-m 

2 
216,000 lux-m 

The following job prices are applicable up until and including 
the PPS (beyond this point, special studies are necessary): 

Job Price for Lighting in Francs 

Type of Source Cost per lux-m 2 

Flourescent tube 1.0 F 

Low-pressure sodium 90 W 0.3 

Low-pressure sodium 180 W 0.2 

1Because the model reinforcement calculation is overly conservative 
a 20% reduction should be applied to the estimates obtained for 
reinforcements in the zone of decreasing illumination (i.e. , ® & @). 
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In certain cases (very low entrance speeds, short tunnels, 
etc.), the lighting estimate may not enter within the scope of 
the present volume. In such cases it will be necessary to con­
sult the appropriate agency. 

Cost of Sunscreens 

The costs of lighting installation determined on the basis 
of the aforementioned prices should be considered as a conservative 
maximum; the use of sunscreens will, in certain cases, permit a 
reduction of the required lighting intensities at the tunnel 
entrances. 

Sunscreens, in the form of self-supporting panels of an 
aluminum alloy laminate, will cost somewhere in the range of 
150-180 F per m2. Because it is necessary to prevent the direct 
incidence of sunlight onto the roadway, the width of the sunscreen 
above the roadway should extend a minimum of 2.5 m. on either side 
of the roadway, except where side walls will shield the roadway 
from lateral rays. 

In the case of a two-lane tunnel, the supporting structure 
for the screens will cost nearly the same as the sunscreens 
themselves. 

Up until and including the PPS, and in the absence of a 
more precise study, the followingwit cost is applicable: 

Average Cost of Sunscreens in Francs 

per m2 of horizontal surface 350 
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Chapter 5, INSTALLATIONS NECESSARY FOR EXPLOITATION 

5,1 Definition of the Installations Necessary for Exploitation Category 

5.2 

As indicated in Volume III, section 3, this category includes 
all of the apparatus necessary for tunnel exploitation, namely: 

* Pull-offs, recesses, and emergency exits in tunnel. 

* Headquarters for tunnel authority, including buildings, equip­
ment, afferent road system~ and the following items: control, 
intervention and maintenance, and power. 

* Control and security equipment in tunnel: traffic control 
equipment (sensors, closed-circuit television, signalization, 
alarms, etc.) and control and monitoring equipment. 

Average Price of Entire Installation 

The category in question varies greatly depending on the 
type and importance of the tunnel served. Consequently, it is 
necessary to employ the greatest possible discretion in estimating 
its cost. 

For preliminary studies (i.e., the PD), the following curves, 
which pertain to three quite different cases, are applicable. 

For the PPS, a much more detailed analysis must be under­
taken; this analysis should focus both on the definition of the 
entire installation as well as on the various unit prices 
specified in 5.3. 
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Detailed Prices 

For the PPS, the data furnished below will require veri­
fication and pernaps even modification. In effect this list 
should be considered as a detailed memory aid for the envisaged 
installations. 

5.31 Structures 

Administration buildings ............... 

Vehicle garages ......................... 
Access roadways ......................... 

1,500-2,000 F/m2 per story 
(will vary greatly depend-
ing on site) 

500 F/m2 (will vary greatly 
depending on site) 

0.3-1.0 million F/km (will 
vary greatly depending on 
site) 

Recesses in tunnel wall ..••.•••••••••...• Negligible 

Emergency pull-offs •.•••••••••••••..••.• Identical in price per 
linear meter with tunnel 
excavation (except in 
difficult or poor terrain) 

Turning galleries; emergency exits ••.•.• Will vary from Oto the 
full price for excavation, 
depending on their useful­
ness during construction 

Fire control system •••...••••..••••••••• Will vary greatly depend­
ing on site. 

5,32 Traffic Signalization and Control (including cables) 

Fully equipped signal portico .••••••••.. 

Vertical clearance monitor ••••.••.•..••• 

Tri-color traffic signal .•• _ •••••..••.••. 

Luminous sign .......................... . 

Speed-detection radar •.•••.••••••••••... 

Closed-circuit television camera (with 
ancillary equipment) .••••....••••....• 

Television monitors •.•.••••••. , ..•••••.• 

Cyclic programmer and switching apparatus 

50,000 F for 2 lanes 

25,000 F for 2 lanes 

5,000 F each 

1,500 F each 

10,000 F each/ traffic lane 

} 35,000 F/camera 
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5.33 Alarm and Security Systems 

Telephone callbox in tunnel 

Fire extinguisher 

Alarm box (pushbotton type) 

17,000 F apiece 

5.34 Measurement Apparatus (including wiring, but not recording 
devices) 

Carbon dioxide analyser .•••••••••••••••• 25,000 F each 

Opacity meter .••.••.•.•••••••.•.•••.•••• 25,000 F each 

Anemometer ..................•........•.. 7,000 F each 

Photoelectric cell • • . . . . • . . . . • • • • . • • . • • • 2,000 F each 

Meteorological measuring devices •••••••• Variable 

Hourly traffic counter •.•....••.•.•...•. 20,000 F each/lane 

5.35 Command Post 

Telephone switchboard Variable 

Teletype equipment .•••••.••••••••••••••. 0.5-1.5 million F 

Synoptic Display Board ··················1 · 
. 4,000,000 F (approx) Fully equipped Console .••••••.....••••.• 

Computer and related ADP system .•••••.•. 0.5-1.5 million F 

Office furniture and equipment ••....•.•. Variable 

5.36 Exploitation Vehicles 

Light passenger vehicles 8,000 F each 

Heavy maintenance truck .•••••.•••••.••.• 80,000 F each 

Heavy tow truck ••..•••..•. ; .•••••.•..••. 300,000 F each 

Fire truck (pumper) .•..••••.•••••.•••.•• 100,000 F each 

Tunnel washing Vehicle ....•••.•••....••. 200,000 F each 

Emergency Rescue Vehicle ••••.•••••••.•••• 40,000 F each 

Light Maintenance Vehicles ...•.•••••.•••• 20,000 F each 

Motorcycles • • • • • • • • . • . • . • • • . • • • . . . • • • • . • 8,000 F each 

5.37 Possible Installation of Toll Plaza Including Related 
Offices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Variable 
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5.4 Miscellany 

A certain number of additional items may sometimes be 
necessary, and should in each case lead to a specific study. 

In particular, the following can be cited: 

* Placement of prefabricated panels on tunnel walls, whether 
for the purposes of waterproofing, soundproofing, or perhaps 
both. 

2 These panels can cost from 50 to 250 Francs perm, 
depending on their nature and function. 

* Placement of pavement heating equipment on approaches. 

* Installations related to toll collection. 

* Pumping and other dewatering installations, in cases where 
tunnel is below water table. 
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Chapter 6. ANNUAL OPERATING EXPENSES 

Simplified Graphs 

For preliminary studies, possibly up until and including 
the PPS, and if no detailed study of this subject has been made, 
the following graphs are applicable. 

These graphs furnish the overall maximum anticipated 
expenses, indicating only their order of magnitude. 

For more detailed studies, the data supplied below in 
6.2 can be used as a starting point. 

(See next page for graph of annual operating expenses.) 

6.2 Detailed List of Operating Expenses 

For detailed studies, an exact study should be made, taking 
into consideration the following information, which may be recti­
fied and added to, if necessary: 

6.21 Detailed List 

6.211 Personnel 

Director of Tunnel Exploitation Service 

Watch Officer for Command Post 

Inspector (ventilation, lighting, etc.) 

Mechanic for electromechanical maintenance 

Mechanic for routine maintenance 

Traffic police 

Firemen 

Toll collectors 

Administrative personnel involved in toll collection 

Electronic maintenance (by contract) 

25,000 F/yr average 
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ANNUAL OPERATING EXPENSES IN MILLIONS OF FRANCS 

This graph furnishes overall maximum anticipated expenses. 

M.F. 
1970 Millions of Francs ( 1970) 

5 

4 
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2 

1 

0 
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--. -:-i 
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.. ; f:/i/ 
'., • I , 
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2 4 14 
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Notes: 

l. These curves pertain to a two-lane tunnel of L
1 

and L2 : 

* Ll: Length ( in km) of a two-lane tunnel in open country, 
carrying heavy traffic. 

* L2: Length (in km) of a two-lane tunnel in urban area, 
carrying heavy traffic. 

2. These expenses do not include those stemming from the presence 
of a toll plaza. 

3. For small, lightly trafficked tunnels without ventilation, a 
study should be made for the particular case in question as the 
total operating expenses are generally low. 

J'6 Ll 

3 l2 



6.212 Energy 

Ventilation ............................. 
Lighting of interior zone •...•.•....••.• 

Lighting of reinforced zone •.•..•••••••. 

Miscellany 

Dewatering 

.............................. 
( pum.pi ng) ................... . 

Heating of pavement ..................... 

6.213 Maintenance 

* Structural 

Cleaning of roadway and gutters .•.... 

Cleaning of ventilation system ..••... 

Washing of tunnel walls 

Service buildings 

Ventilation ducts 

.................... 

.................... 
Gantries ............................ . 

1 cf. 6.22 below 

Variable 

Variable 

Variable 

20,000-30,000 F 
per km of two-lane 
tunnel 

* Maintenance of electromechanical installations 
(in percentage of initial investment costs) 

Ventilation: 

Control closets 

Motors ........................... . maximum 

Ventilators ....................... 
Electric power supply: 

High-voltage equipment 

Cables ........................... . 

Low-voltage equipment' .••.•....•... 
1% maximum 

Inverters ........................ . 

* Maintenance of telecommunications and securit installation 
in percentage of initial investment costs 

Measurement apparatus ••.....•.•.....• 

Teletype ............................ . maximum 

Signalization and alarm systems •..••• 

Firecontrol system (by contract) .•••• negotiable 

Television . . . . . . . . . . . . . . . . . . . . . . . . . . . 10% 
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* Maintenance of lighting apparatus ••••••••..••• 10,000 F/km 

* Maintenance of miscellaneous equipment •••••••• Variable 

* Office maintenance • • . • . • • • • • • • • • • • . • . • • • • • • • . . Variable 

* Maintenance of toll collection installations Variable 

6.214 Equipment Amortization and Replacement 

* Ventilation 

Equipment ........................... . 

Motors .•.............•••.•••.•..•...• 

Ventilators ......................... . ] 

100% amortiz,ation 
over a 20-year 
period 

2 * Lighting Apparatus •..•...•.•.•.••.••••••.••.• 20-40 F/1,000 lux-m 

* Electrical 

High-voltage equipment ••.....••.••..• 

Cables .............................. . 

Low-voltage equipment •.••••.••••••••• 

* Telecommunications & Security 

Measurement apparatus •.•.••.•••...... 

Teletype ............................ . 

Signalization and alarm system •••••.• 

* Television 

Coaxial cables 

Electronic equipment .••••.••••.•••••• 

Cameras 

* Service vehicles 

Light passenger vehicles 

Motorcycles ......................... . 

Emergency vehicles •.••.••••..•.•.•... 

Heavy maintenance vehicles .•.•.•.•.•. 

Heavy tow trucks .................... . 

Fire truck .......................... . 

Cleaning vehicle .•••••.•••••••..••••. 

Light maintenance vehicle ..•••••••.•. 

per year (cf. 6.22) 

J 
100% amortization 
over a 15-year 
period 

J 
100% amortization 
over a 10-year 
period 

·1100% amortization 
over a 10-year 
period 

) 
100% amortization 
over a 5-year 
period 

100% amortization 
over a 10-year 
period 



47 

* Miscellaneous Material .•.•.•..•.•..••••..••.• Variable 

6.215 Miscellany 

* Vehicle towing .••..•.•••••...••.•..•.•.•...•.. 20 ,000-30 ,000 F/km 
of tunnel 

* Liability insurance .......................... Variable 

* Operation of Tunnel Administration .........•• Variable 

* Office operations ..•.•••.•......••.••.••.•..• Variable 

6.22 Comments 

6.221 For the calculation of annual ventilation energy expenses, the 
following information can be considered in the absence of more 
detailed studies: 

* The number of hours of operation, calculated on the basis of 
maximum power, amounts to: 

500-1000 hours 
1000-1500 hours 
1500-2000 hours 

for a tunnel in open country 
for a short urban tunnel 
for a major urban tunnel 

* The cost per kWh is dependent on the contract negotiated with 
the public utility, Electricite de France; however, it can 
vary from 0.086-0.138 Francs. 

6.222 For the calculation of annual energy, replacement and lighting 
maintenance expenses, the following values are applicable: 
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Annual Operating Expenses for Lighting, in Francs 

Designation Type of Light Source 

Floure- Sodium Sodium 
scent 90 W 180 W 

Annual replacement of light 2 sources (Cost per 1000 lux-m} 40 30 20 

Cleaning 1 of glass fixtures 
(per tunnel kilometer) 10,000 10,000 10,090 

Annual energy expens2s 
(Cost per 1000 lux-m) 40 7 5 

1Depending on the circumstances, the number of cleanings per year can 
range from 1-12; the frequency of these operations will vary with the 
importance and location of the tunnel. 



Chapter 7. SAMPLE APPLICATIONS: VARIATIONS IN TUNNEL CO.STS 

7.1 Object and Limitations of this Chapter 

7.11 Object 

The present chapter contains some useful general information 
regarding variations in tunnel construction costs. These variatiions 
are dependent on geological conditions, length, width, grade, and 
vertical clearance of the tunnel. 

The information should enable those who use this volume: 

* To better comprehend the relative importance of the financial 
items analysed in the preceding chapters. 

* To undertake or initiate such broad preliminary studies as, 
for example, the choice of elimination of certain layouts 
involving more or fewer tunnels, the evaluation of consequences 
arising from a decision about the longitudinal section or road 
width, etc. 

* To recognize that the different items and parameters are rarely 
independent and that any effort to reach an optimal technical 
solution or layout will in each case necessitate a global cost 
estimate for the tunnel(s). 

7,12 Limitations 

The information contained in the present chapter has been 
obtained through the rigourous application of job prices, unit 
prices, and estimation methods mentioned in Chapters 2, 3, 4, and 
5 above. 

Consequently, this information is intended to be merely 
illustrative, and represents sample applications of the pre­
ceding data, and should under no circumstances be used for PPS 
estimates. 
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For this reason, and in order to reinforce its strictly 
illustrative nature, the proofs furnished in support of the 
hypotheses have been reduced to bare essentials. 

7.2 Definition of the 5 Tunnel Categories Chosen as Examples 

7.21 Selected Hypotheses 

7,211 For purposes of simplification, 5 tunnel categories have been 
chosen and hypotheses have been maae as to the geological condi­
tions which they are assumed to encounter. 

Although these 5 categories have been established following 
a detailed analysis of recent construction in France, it is 
imperative to reiterate that we are here dealing with hy;potheses 
and that barring some very unusual coincidence no future con­
struction will match them perfectly. 

7.212 The 5 tunnel categories have been designated A, B, C, D, and E. 
The related geological and geometrical conditions assumed for 
each category are shown in the following table: 

Hypotheses for the 5 Tunnel Categories Chosen as Examples 

Category 

Geology Terrain Quality 
(% of each along 
tunnel length) 

very good 

good 

A 

20 

30 

B 

0 

30 

C 

20 

30 

D 

0 

30 

E 

50 

30 -------------- ------- ----
difficult 40 40 4o 40 20 - .... - - - ..... - - - - - - - - - -- - - - - - -

Geometry Length (m) 

Grade(%) 

Width (m) 

poor 10 30 10 

3000 1500 3000 

0 

10 

0 

10 

0 

10 

30 

750 

0 

9 

0 

500 

0 

9 
- - - - - - - - - - - - - -- - - - - -- - - - - - - - -- -
Vertical clearance (m) 4.55 4.55 4.55 4.55 4.55 
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7.22 Commentary 

Merely by way of indication and in order to be more concrete, the 
different categories chosen can be considered as examples corre­
sponding to the following cases: 

A: One-way tunnel on a superhighway. 

B: One-way tunnel on an urban expressway. 

C: Very long two-way tunnel on rural highway or on international 
highway linking two countries. 

D: Two-way tunnel on urban route. 

E: Short, two-way tunnel in mountains or on rural highway. 

7,23 Costs per Linear Meter 

The cost per linear meter of these 5 tunnel categories, as 
is indicated in the following table, have been derived according 
to the following process: 

Construction 

* Choice of model cross-section, as per Volume I, and the 
determination of the pertinent geometric quantities for each 
section and each terrain quality zone (see Chapter 8 below). 

* Application of job prices set forth in Chapter 2 above. 

* Average cost per linear meter of tunnels will depend on the 
percentage of different terrain qualities encountered. 

Ventialtion 

* Definition of ventilation system, choice of air flow and 
number of ventilation stations (Volume III, section 1) 
based on certain hypotheses about traffic. 

* Application of costs defined in Chapter 3 above. 

Lighting 

* Definition of installations, with aid of Volume III, section 2. 

* Application of costs defined in Chapter 4 above. 
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Installations Necessary for Exploitation 

* Definition of installations, with aid of Volume III, section 3, 
based as well on certain hypotheses about the site, traffic, 
anj speed. 

* Application of costs defined in Chapter 5 above. 

.4-pproximate Total Cost pe:::· Linear Meter, in Francs 

Tunnel Category A B C D E 

2cnstr:iction 12,300 15,800 12,300 14,800 8,400 

'1· ent i :at i ,:,n 4,200 5,000 3,800 4,800 0 

~ightir~g 1,000 1,800 1,500 2,300 1,800 

Instal~s.tions Ne.:: es s a...';-· 
.... ,""\,, 
l. ~- Explci "tatio!: 1,700 3,000 700 2,200 0 

T..:-~al cost 19,200 25,600 18,300 24,100 10,200 

Al though the 5 em·isaged tunnel categories are not geometrically 
( the le!:gths, cross-sections, and vertical clearances are 

iifferent), the es:i~ate for the Construction category does permit an 
eya.:..'..:.ati::::r. of :he influence of geological variations (.e.g., compare 
_:..., a.!'li 3, ~r : 2.r:d ::: ) . 

, :::1:~l'..:.e::.ce of T·,.:.nnel Geor:ietrY on Cost 

In orjer to eluciiate·the economic consequences of variations 
.. - g~a:le, wi 5:th, ~:16. le!:gth, analyses of the following kind ha-;re 
bee~ ~erforrr.ed for each of the 5 tunnel categories: 

* 

* 

:'he ge::>logica:::.. 1:y;'o-:1:eses defined in 7.21 rereain unchanged. 

:f t:C.:e :.. geo!!'.etric h:,-:Fot.heses defined in 7.21, 3 are permitted 
~ re!!'.ain cons::ent w~ile the fourth is ,~ried. This analysis 

:.s :;-erforn:e5. for eact r.:y-:;:o-:hesis except vertical clearance . 

. .;,:::nough :p-.1rposef·.1lly s fied, the graphs provided below, 
a:..~~g with the re:ated cc:r:mentary, indicate the dependency of total 
::·z::e:. cos:: pe1· li!'lear :::.eter on the tunnel's geometric dimensions. 
=~e great si!!1.plifica0ion is p~rposeful. (Total tunnel cost is taken 
as ::ne s·2:1 of the following categories: Construction, Ventilation, 
_igt-:ing, e.::d :!lsi:allations :iecessary for Ex:ploi tat ion. 
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7,31 Variation of Total Tunnel Cost (per linear meter) as a Function 
of Grade 

The following hypothesis is set forth: that for categories 
A and Ba separate lane for slow vehicles becomes necessary when 
the slope exceeds.2.5%, which consequently requires an increase in 
road width, and hence in tunnel section. 

The effect of grade is manifested: 

* For the Construction category, in the cost increases specified 
in 2.8. 

* For the Ventilation category, in increases in required air flows 
for a positive grade, and in decreases in required air flows 
for a negative grade. 

Total Tunnel Cost per Linear Meter 
(in thousands of Francs) 
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7,32 Variation of Total Cost (per linear meter as a Function of 
Tunnel Width 

The increase in width results: 

* For the Construction category, in an increase in geometric 
quantities (excavation and lining) and a decrease in job price 
for excavation. 

* For the Ventilation category, in an increase in the required 
cross-sectional area of the ventilation ducts, and therefore 
a corresponding decrease in the power required to maintain 
the same flows. 

Total Tunnel Cost per Linear Meter (thousands of Francs) :: " ~ -- ·r-- --.----.-----.-----. 
34 

2 Vo1es ~-1---1..,► J Voies 

32 ,- -
I 

Jil 

V 

tn ~ ------

'!(t •----•----·-•·----+ 

Ii 

1(l 

R 

2 

I. 

---·•·-----+----+--·- --- ------ ----

--~---+--------+ 

1----t-----

I 
·--- ---1--·--

\ 

; I 
- j ______ -~-----l----1------i----- +-- ·-- ----1 

! 1 I I 
j _____ i____ _ ___ _J ____ j _____ J 

8 9 10 1t 12 tl 14 
Tunnel Width (in meters) 



55 

7,33 Variation in Total Tunnel Cost as a Function of Length 

7,331 An increase in tunnel length effects: 

* For the Construction category, the increased costs predicted in 
2.8, and certain variations in job price for forming. (These 
consequences are in fact very complex, depending most notably 
on the length of headings.) 

* For the Ventilation category, the choice of ventilation system 
and installed power. 

* For the Lighting and Installations Necessary for Exploitation 
categories, an overall increase in anticipated installations. 

7,332 The graphs furnished below are in no way applicable to any particular 
tunnel estimate. Their sole importance lies in elucidating dis­
continuities and major variations in tunnel cost, due primarily to: 

* The need to alter the ventilation system or the number of ventila­
ation stations when a certain length is exceeded (or when certain 
traffic levels are exceeded, etc.). 

* The varying importance of certain items, depending on length. 

* Miscellaneous increases. 

7,333 Beyond these simple observations, the graphs indicate those items 
that deserve careful study, depending on the tunnel category in 
question. And finally, they give an idea of the relative 
importance of different items. 
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c: Longitudinal ventilation with or without exploitation equip-
ment 

d: Semi-transverse irentilation with 1 station 

e: Semi-transverse ventilation with 2 stations 

f: Partial transverse ventilation with 2.stations 

g: Partial transverse ventilation with~ stations 

h: Partial transverse ventilation with 4 stations 

i: Full transverse ventilation with 3 stations 

j: Full transverse ventilation with 4 stations 

k: Full transverse ventilation with 6 stations 
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These curves are strictly illustrative. 
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Chapter 8. GEOMETRIC DATA; NUMERICAL VALUES 

Definition of Geometric Data 

Lining (see 8.2 for choice of thickness) 

S = Theoretical Lining Section; case of excavation without under­
r lining: 

* S is the section included between lines A and C (see figure below). 
r 

* S includes neither overbrea.k (area beyond line B) nor the fixed 
s~ction A-B of overbrea.k which m.ey- be included in the cost schedule. 
It therefore corresponds to the minimal pointwise lining thickness. 

* Sr does not pertain to possible concrete inverts, gutters, or 
other miscellaneous structures. 

8.112 Srs' S . , and S in case of excavation with underlining: r1 p 

In the event of an excavation with underlining, upper and 
lower half-sections are considered separately, as the average 
lining cost for each will be different. 

* S = Theoretical Lining Section for Upper Half-Section: Equal 
tbsthe section included between the underlining intrados and the 
permanent lining intrados (line C). 

* S. = Theoretical Lining Section for Lower Half-Section: There 
i~1 generally no underlining in this half-section. 

* S = Theoretical Underlining Section: This does not include 
oierbrea.k areas. It is therefore a minimal section whose 
intrados varies according to the thickness Judged necessary 
for the stability of the excavation, and whose extrados coincides 
with line A. 
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8.12 Sd = Theoretical Excavation Section 

This is equal to the following sum, corresponding to the 
circumference designated by line A: 

Sd = empty section of tunnel+( :; l 
(s +S .} 

+ s p 
+ Theoretical Section 

of Roadway S 
C rs ri 

The theoretical section of pavement S is obtained by multiply­
ing the average roadway thickness by the ro~d width. 

8.13 Dd = Evolute of Forming 

This is equal to the perimeter of the intrados of the concrete 
lining, including the vertical portion below level of the pavement 
surface. 

A: Theoretical excavation line 

B: Fixed payment line for overbrea.k 

C: Line for intrados of lining 

8 

A 

C 

If there is no lining, A= C; if there is no payment for overbreak, 
then A= B. 
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Sp 

fimite de la 1emi-section i 
J_ --·-·-. ·-
limit of ha!:Lf-section 

.... ...... 

Excavation without underlining Excavation with underlining 

8.2 Choice of Lining Thickness 

In order to apply job prices for lining, and also in order 
to define the theoretical excavation section Sd, it is necessary 
to establish the required lining thickness. 

In lieu of a more exact study, the following values can be 
adopted as preliminary approximations: 

Nature of Terrain Minimal Thickness of Lining at 
Apex of Vault (in cm) 

Very good 0 (unlined tunnel) 
' 30 (lined tunnel) 

Good 40 

Difficult 60 

Poor 80 

These thickness are meant only to be illustrative. If, for 
example, the zone in question is of short length, then it will be 
necessary to adopt the thicker lining of adjacent zones. 



65 

Elsewhere, lining dimensions may have to be determined on 
the basis of a stability calculation. 

n ... ; 

I 
I 

• I ' : I I 

Vertical 
¢learance 

D,25 

EPAISSEUR EN CLEF DE VOUTE 

Thickness at ½he apex 
of the vault 

' -· ... --+-

left insulator road width 
LARGEUR ROULABLE 

right insulator 

____ ... ..,.,..·r ISOlATEUR __ D_RDIT 

8.3 

tunnel width 
I ARGEUR ENTRE PIEOROITS 

Numerical Values 

This paragraph furnishes numerical values for the theoretical 
excavation and lining sections, as well as for the evolute of form­
ing, as a function of tunnel width. 

The values provided are applicable to a typical cross-sectional 
profile of the sort shown above. Values are given for lining thick­
nesses at the apex of the vault of 30, 40, 60, and 80 cm. 
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NUMERICAL VALUES 

Theoretical Excavation Theoretical Lining 
Tunnel Section Sd Section Evolute 
Width · of Forming 

30 4o 60 80 30 40 60 80 

8.00 61.59 63.72 68.09 72.58 7.84 9.98 14.34 18.84 20.44 

8.50 65.89 68.10 72.59 1y,:22 7.98 10.18 14.68 19,30 21.06 

9.00 70.41 72.68 77,31 82.07 8.07 10.34 14.97 19.73 21.71 
.. .... , 

9,50 75.11 77.45 82.21 87.11 8.19 10.5,2 15.,29. 20.18 22.37 

10.00 80.03 82.43 87.34 92.36 8.31 10.71 15.61 20.64 · 23.04 

10.50 85.14 87.62 92.66 97.82 8.44 10.91 15.95 21.12 23.72 

11.00 90.44 92.98 98.16 103.46 8.60 11.13 16.31 21.61 24.40 

11.50 95.96 98.57 103.89 109,33 8.72 11.33 16.65 22.10 25.10 

12.00 101.66 104.34 109.80 115,39 8.87 11.55 17.01 22.60 25.80 

12.50 107.55 110.30 115.90 121.63 9.03 11.78 17.38 23.11 26.50 

13.00 113.62 116.45 122.19 128.06 9.20 12.02 17.76 23.63 27.20 

13.50 119.89 122.79 128.67 134.68 9.38 12.27 18.16 24.17 27.91 

14.oo 126.34 129,31 135.34 141.50 9.55 12.52 18.55 24.71 28.62 

GPO 904,824 




