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ROCKSOIL'S THIRTIETH ANNIVERSARY 5

It was to leave a mark, that on the occasion of the thirtieth anniversary of the engi-
neering consulting firm, Rocksoil S.p.A., | wanted to organise a day of study on great
developments that have occurred in the “design approach in the field of tunnelling”
since the nineteen fifties until today, a mark both of what the engineering consulting
firm Rocksoil S.p.A. has been able to produce in its thirty years of work in the sector
of major underground works and of the consequent and prestigious results it has
achieved in the field of design.

Experts on the subject, the most outstanding in the field nationally and internation-
ally, have wished, with their presence at this meeting and with their fascinating con-
tributions, to pay tribute to the subject addressed which, without doubt, represents
a milestone for those who work in the field and for those who face the challenges of
underground engineering.

| consider the result of this thirtieth anniversary a deserved tribute to all my valued
assistants, business friends, major clients and all those with whom we have shared
moments, emotions and successes and finally to those men and women who, when
they pass a day in a train or in a car travelling through our tunnels, can hardly imag-
ine, on the one hand what lies behind the design and construction of an underground
work, and on the other, how these works, which by their nature are not born in the light
of day, are among the most fascinating and special in the field of civil engineering ap-
plied to public works.

Prof. Ing. Pietro Lunardi
Founder of Rocksoil S.p.A.
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ROCKSOIL'S THIRTIETH ANNIVERSARY 7

The plasticisation that may be produced within a rock mass during the construction of
an underground work often produces substantial disturbances, difficult to stop and
costly in terms of time and money.

The conference held on the occasion of the thirtieth anniversary of the foundation of
the company Rocksoil on the evolution of design and construction approaches in the
field of underground works is of areally exceptional nature, because the contributions
have been prepared by academics, professors, engineers and experts who have exca-
vated tunnels all over the world and also because the progress made over the last forty
years has been spectacular. The plasticisation that is produced in rock masses both at
the face and around the excavation during and even after the final lining has been
placed, in what we call the “excavation disturbed zone’, must be appropriately con-
trolled to prevent undesired disturbances. To achieve this, reinforcement of the core-
face, as suggested by professor Pietro Lunardi more than twenty years ago, has made
it possible to drive tunnels full-face, which is always the most economical solution.

Pierre Habib
Chairman of Rocksoil S.p.A.

Formerly:

* President of Société Internationale de Mécanique des Roches (ISMR),

« Director of the Ecole Polytechnique of Paris

* Director of the Laboratoire de Mécanique des Solides de IEcole Polytechnique

PREFACE
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INTRODUCTION

Diletta Petronio

Itis with great pleasure and interest that | introduce this day of meetings
and discussion on this highly specialist subject of geo-engineering as ap-
plied to underground works. We will be listening during the day to pro-
tagonists of the highest international standing in a fascinating and
extremely important sector, that is developing constantly.

Itis asector thatis far removed from the work | have done for many years
everyday as ajournalist with TG4 (news department of a national TV chan-
nel). Itis very close to daily reality, because just like everybody else, | hap-
pen to travel through tunnels and ask myself “Who made, this? How was
it built?” It is the normal amazement of ordinary people like myself, who
are not tunnelling experts.

DILETTA PETRONIO

A HAS BEEN A JOURNALIST SINCE
1988 AND IS ANEWSCASTER FOR TG4

A LARGE AND EXPERT
AUDIENCE AT THIS DAY OF
MEETINGS AND DISCUSSION
TO CELEBRATE ROCKSOIL'S
30™ ANNIVERSARY

MILAN 16™ OCTOBER 2009
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A HIGHLY SYMBOLIC PHOTO
OF THE VENEZIA STATION
BEFORE THE FINAL FINISH
MILAN.URBAN LINK LINE

=30 M.

NDSAND.GRAVELS
EN: 4 M.
ROCKSOIL S.PA.
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DISCUSSION FOR ROCKSOIL'S
30™ ANNIVERSARY

MILAN 16™ OCTOBER 2009
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| have learnt that very often the answer to this question is Rocksoil, a company which, for
thirty years, working with others, has designed and provided technical assistance for the
construction of works which make transport and life easier for us all.

Here behind me is an emblematic photo of Venezia Station on the Milan urban railway link
line. It is Rocksoil's masterpiece. Let us begin here with this photo to tell the story of this
company’s success and of its great commitment.

Pietro Lunardi asked me to introduce this very important day for Rocksoil consulting
engineers, which with thirty years under its belt and 150 employees in Milan and Rome,
represents akey niche in the civil and geo-technical engineering sector, a point of home-
grown Italian excellence.

| have met and appreciated Pietro Lunardj, its founder, on many occasions. | have inter-
viewed him several times on the main editions of the TG4 news broadcasts. On live tele-
vision as Minister of Infrastructure and Transport, he always clearly explained to
viewers how the Country was to change as a result of the major projects commenced by
the Berlusconi government between 2001 and 2006. The Right Honourable Pietro Lu-
nardi also knows how things are to change in future, because the period of change has
not come to an end and the current government and parliament are working in this di-
rection. | remember that as a result of the “Objective Law” which he wanted, a single de-
cision-making process means that you now know exactly how long it will take for projects
to be approved. It was areal revolution for the construction of infrastructures.
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In a collection of articles by Pietro Lunardi entitled “The will to act’, published in the
newspaper Libero, Vittorio Feltri, the editor of the newspaper Il Giornale, defined him
as the “Perfect engineer, who makes you safe” He beat me to it. However, having read,
over the last few weeks, the material and articles needed to prepare for this day together,
| can add that Pietro Lunardiis a genuine professional, an expert with a constant passion

for his work. NAPLES METRO
LINE 1
So, thirty years have passed since the company Rocksoil S.p.A. was born. F=675M.

GROUND: TUFFS AND POZZOLANS

The photos that we can see are of the numerous tunnels constructed over the years. They OVERBURDEN. 201

are works which have charted our future and will continue to do so.

To give a few figures, the company has designed and provided on site technical assistance
for over 800 kilometres of tunnels. More than 9,000 tunnel faces have been supervised
and monitored for road, motorway and mainline and metro railway tunnels.

DESIGN BY ROCKSOIL S.PA.

PRESENTATION
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TGV MEDITERRANEE
LYON-MARSEILLE LINE
“TARTAIGUILLE" TUNNEL

g=15M.
GROUND: CLAY
OVERBURDEN: 110 M.

DESIGN BY ROCKSOIL S.PA.

Rocksoil S.p.A. has developed innovative technologies for digging deep into the bowels of
the earth. It is a silent, effective and constructive approach, which does not disturb, as
Pietro Lunardi explained to me with great simplicity. It was a remark which struck me a
lot, if you consider the inconvenience that construction sites usually cause.
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CATANZARO EASTRING ROAD
SAN GIOVANNI TUNNEL

g=12M.
GROUND: MARLY CLAY AND SAND
OVERBURDEN: 10 M.

DESIGN BY ROCKSOIL S.PA.

Rocksoil’s founder is the creator of many inventions and holds many patents in the geo-
engineering field. They include:

» the Cellular Arch technology for the underground construction of wide span cavities in
cohesionless soils with shallow overburdens, for which he received recognition in 1990 by
the United States journal Engineering News Record, published by McGraw Hill, which each
year nominates a “Man of the Year” in the construction field;

» the use of “horizontal jet-grouting” for tunnel advance in cohesionless soils;

»“vertical jet-grouting” employed for the construction of tunnel portals in cohesionless
soils with minimal overburdens;

» the full-face application of a technology termed “mechanical precutting’, for tunnel
advance through clay;

» the stabilisation of a tunnel face, by reinforcing the core of ground ahead of it with fibre
glass reinforcement, for tunnel advance with the face stable in the short term or unstable;

» the Analysis of COntrolled DEformation in Rocks and Soils (ADECO-RS) design approach,
which we will speak of later, which opened a new page in the design and construction of
underground works;

» a system for analysing the operating parameters of a TBM during tunnel advance to
measure the strength of the rock mass, known as the “RS Method”;

» a construction procedure for driving tunnels underground with no or insufficient
overburden.

» the “Nazzano Method” which was employed for widening the Nazzano Tunnel of the
Rome-Milan motorway from two to four lanes without interrupting traffic. It can be
used to work under a great variety of ground conditions to widen road, motorway or
rail tunnels to increase their capacity, while they remain in service.

PRESENTATION
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ROCKSOIL'S THIRTIETH ANNIVERSARY 17

We are looking at photos of the most significant works designed by Rocksoil consulting
engineers. They include the Cellular Arch for the Venezia Station on the Milan urban rail-
way link line.

The Tartaiguille Tunnel in France, constructed on the high speed line between Lyon and

Marseilles. THE TUNNELS AND
CHAMBERS OF THE NUCLEAR

The difficult Apennine section of the new high speed Bologna-Florence railway line, con- PHYSICS LABORATORY
UNDER THE GRAN SASSO

structed between 1996 and 2005, with more than 100 km of tunnels completed fully on
time and to budget. The project was considered one of the most important in the world as
far as the underground works were considered. For those of you who did not know, the
high speed section between Bologna and Florence will be completed on 21st December,
making it possible to travel from Rome to Milan in two hours and fifty minutes.

=
=

The company Rocksoil SpA has not just designed tunnels, but it has also provided sys-
tematic technical assistance to construction contractors during the whole construction
period, continuously refining designs during construction even in cases of projects sub-
ject to highrisk.

Rocksoil's is therefore a history of successes, research and solutions even under ex-
tremely difficult conditions.

One of the solutions to major disasters worth recalling among the ac-
complishments of the company and its founder was the repair of the
bridge on the Milan-Bologna railway line over the river Taro, which par-
tially collapsed following record floods. It was repaired and reopened to
traffic in just 34 days.

The Valtellina disaster of the Val Pola landslide. Everyone will remember
the seriousness of the situation that kept Italy with its breath held in the
summer of 1987. Everything was solved brilliantly with the famous con-
3 trolled overflow. Since then Pietro Lunardi has received numerous go-
vernment appointments, including the chairmanship of the commission
of inquiry into the tragic fire in March 1999 which resulted in the closure
of the Mont Blanc tunnel. It was reopened within three years.

o VR T = 13

L
B

In his book on the Gran Sasso Tunnel, the longest motorway tunnelin Italy
and one of the most important in Europe, Pietro Lunardi recalls that “A
site worker knows from experience that every tunnel has its own history.
If this is true in general, it is even more so for the Gran Sasso Tunnel, a
huge project, a technical challenge without precedent, which the combi-
nation of natural factors such as the rock, water and gas made it a train-
ing ground of experiences and life for those who supervised and built it.
The particular conditions under which the work was carried out and in

o




prima parte IN.gxd:Maquetacidén 1

18

ROCKSOIL'S THIRTIETH ANNIVERSARY

THE ROME METRO
LINE “A”
BALDO DEGLI UBALDI STATION

& =21.50M.
GROUND: CLAY
OVERBURDEN: 18 M.

DESIGN BY ROCKSOIL S.PA.
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which the different operational stages took place transformed normal tunnelling work
into a marvellous piece of history which this book is intended to prevent those who al-
ready know of it from forgetting and to let those who pass through the tunnel in their
cars know of things they would find it difficult to imagine”

The Gran Sasso motorway tunnel constructed between 1968 and 1978 and the Alpine Fre-
jus tunnel, constructed between 1975 and 1978, which Pietro Lunardi was able to experi-
ence as the geotechnical and geomechanical engineer, had a profound effect on his career.

It was after acquiring this fundamental experience that in 1979 Pietro Lunardi decided
to found the company Rocksoil, with the objective of conducting research in the field of
underground construction which might lead to a reassessment of underground works
designed to put them on the same level as true and genuine civil engineering works.

The work performed by Rocksoil consulting engineers over the last thirty years has in
fact been dedicated to experimental and theoretical research which has resulted in the
development of a design approach called the Analysis of COntrolled DEformation in
Rocks and Soils (ADECO-RS), an approach which should not be seen as a commercial
product, but rather as the result of continuous and systematic theoretical and experi-
mental research conducted in all types of ground and stress-strain conditions.

It is an exciting story with many chapters still to be told.
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PROF. ING. PIETRO LUNARDI,
FOUNDER OF ROCKSOIL S.PA.

PIETRO LUNARDI
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WELCOME SPEECH

Pietro Lunardi

Dear friends, what better opportunity than the anniversary of a consulting
engineers’ firm to talk about civil engineering works and underground
works in particular. We will be speaking about them with nine friends who
have honoured us with their presence, nine speakers who have come from
all parts of the world invited to discuss what are currently the most
interesting developments in approaches to design. Sincere and special
thanks must go to our nine friends:

» Kalman Kovari from Switzerland;

» Fulvio Tonon from the United States;
» Marc Panet from France;

» Norbert Vogt from Germany;

» George Anagnostou from Greece;

» Giovanni Barla from Turin;

» Hiromichi Shiroma from Japan;

» Bruno Mattle from Austria;

» Juan Jacobo Schmitter from Mexico.

Our thanks must also go to the chairmen of the two sessions, our friends
Pierre Habib, who has been the Chairman of Rocksoil for over 15 years
and Adolfo Colombo, the President of the Italian Tunnelling Society. My thanks must also
go to the friends we have invited here today, representatives of design and construction
companies and firms which operate in the sector. Last but no less important thanks go to
my assistants who, along side my children Martina and Giuseppe, have continued to work
and produce, despite my numerous absences over the last ten years. | cannot name them
here one by one, but they know that | am sincerely thankful to each of them for what they
have done, for what they are doing and for what they will do.

Thanks to them, our firm of consulting engineers, having survived the ups and downs we
have experienced in Italy in the last ten years, has distinguished itself and achieved far
from insignificant successes in the field of public works and engineering in general.
Ideas are very important in engineering, but it is all in vain if you have no one to help you
to translate those ideas into concrete facts.

o
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THE PLAQUE FOR THE PRIZE
AWARDED TO PROF. ING.
PIETRO LUNARDIBY THE
UNITED STATES JOURNAL
ENGINEERING NEWS RECORD
FORHIS CELLULAR ARCH
DESIGN

PHOTOS OF THE DAY OF
MEETINGS AND DISCUSSION
FOR ROCKSOIL'S

30™ ANNIVERSARY

O LUNARDI
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THE FREJUS
MOTORWAY TUNNEL

g=12M.
GROUND: CALC- SCHIST
OVERBURDEN: 1,700 M.

PIETRO LUNARDI
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And that is precisely what my assistants have done!

They have helped me to demonstrate that, by starting in the design of underground
works from the assumption that the ground which is subject to a field of stresses, which
we will call the medium, is the true construction material of an underground work, the
deformation response (DR) of the medium to the action of excavation constitutes the
reaction on which a tunnel designer must focus.

They helped me to demonstrate that interpretation of the DR must not stop with con-
sideration of simple cavity convergence alone, because convergence itself is no more
than the last stage of a deformation process which begins ahead of the face and which
manifests with extrusion at the face which then triggers preconvergence of the cavity.
They helped me to demonstrate that by acting on the core of ground ahead of the face
with appropriate technologies, you can transform that core into a tool for controlling
the DR by working on its rigidity.

o
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They helped me to demonstrate that with good and indispensible knowledge of the
medium and if possible the stress states to which it is subject, an underground work can
become and be conceived of as a true and genuine civil engineering work and as such its
construction times and costs can be forecast.

They helped me to demonstrate that what happened at a certain point on the alignment
and under a certain overburden during the construction of the Frejus Alpine Road Tunnel
would provide enlightening answers to our uncertainties and doubts.

The ground which we face with our excavations is something that is alive. It has its own
language and its own mood and it can even make sounds! It is up to us to interpret this
behaviour which accompanies the deformation response.

“Minima cura si maxima vis” is the motto that Federico Cesi, the founder of the Accade-
mia dei Lincei (Academy of the Lynxes) adopted for the Academy in 1603. “Take care of
the little things if you want to achieve the greatest results” In our case the small things
are the visual and audible signals that the ground produces during tunnel advance. They
are the events that miners tell you of and their suggestions. They are the hours that you
pass in their company at the face.

But let us now consider the Frejus Alpine Road Tunnel which | mentioned before. As many
of you know, the Frejus Alpine Road Tunnel (approximately 13 km) was constructed
between 1975 and 1978 inrecord time with particularly significant results from a sci-
entific viewpoint.

The road passes exclusively through a calc-schists formation on the Italian side with over-
burdens varying from a few metres to 1,700 metres, a unique opportunity to assess the

ROCKSOIL'S THIRTIETH ANNIVERSARY 23

1. THE FREJUS MOTORWAY
TUNNEL GEOLOGICAL
PROFILE ON THE ITALIAN SIDE,
WITH THE GEOMECHANICAL
CHARACTERISTICS OF THE ROCK

THE MOTORWAY FREJUS TUNNEL (1975 - 1978)

of = 95 Mpa
ng =20 Mpa
E = 10000 Mpa

Frejus peak 2907 m

i
3500

Ventilation shaft

PIETRO LUNARDI
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behaviour of the excavation and therefore of the cavity, as a sole function of changes in
the stress states resulting from the increasing lithostatic loads. This opportunity, unique of
its kind, naturally convinced us to conduct a geomechanical survey campaign appropriate

2. THE FREJUS
MOTORWAY TUNNEL
THE RESULTS OF THE LABORATORY

AND ON SITE GEOLOGICAL AND
GEOMECHANICAL STUDY

to the situation. The most important data for the tunnel were:

» average excavation cross section of 90 sq. m;

» cavity dimension of 9x12 metres;

» rock excavation by blasting;

» average tunnel advance of each round, varying from 2 metres to 4.50 metres;
» average daily tunnel advance of 7.50 metres;

» temporary stabilisation of the cavity performed at the face with end anchored rock
bolts varying in length from 2.50 metres to 5 metres with a frequency varying between

1.50to 1 rock bolt per square metre;

FRANCE _FREJUS PEAK 2907 m ITALY 3500
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» final lining in concrete installed approximately 400 metres from the face.
Let us now look at some slides to see what was found during the geomechanical survey:
we can see (Figure 1) that we had a maximum overburden of 1,750 m, a matrix strength
of 95 Mpa, a rock mass strength of 20 Mpa and an elastic modulus of 10,000 Mpa, so it

was extremely good rock.

You can see from Figure 2 that systematic surveys were conducted of the face, the schis-
tosity, the fracturing and water inflow over the 6,500 m. of the underground alignment.
Just think that in very tight rock the maximum water inflow recorded along the tunnel
was only seven litres per second.

ROCKSOIL'S THIRTIETH ANNIVERSARY

3. THE FREJUS
MOTORWAY TUNNEL

OPERATIONS TO STABILISE THE
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CONVERGENCE, ANISOTROPY,
TEMPERATURE AND STRESSES
IN THE WALLS
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_Confinement operations®{ - gk -
' Ancral roof bolts = * 5 \ -
Quality: Aq 60 + Ag70
Length:3.5:5m.
Intensity: 1.5 + 1 bolt/m?

4,5.THE FREJUS MOTORWAY Figure 3 shows the intense research work that was conducted along the tunnel, while
TUNNEL: THE FACE AND the photographs in figures four and five clearly illustrate the 12 m. full face method of
> TABILISATION OPERATIONS excavation and the stabilisation employed using rock bolts inserted into the walls of

6. LONGITUDINAL PROFILE the tunnel close to the face. This was followed by a 70 cm. thick final lining.
WITH THE POSITION OF THE As we have seen avery in-depth survey campaign was conducted during tunnel excavation.
MONITORING STATIONS FOR Figure 6 shows the location of the monitoring stations, while Figure 7 gives an example of

CONVERGENCE MEASUREMENTS . . . .
the stress measurements in the anchors which were made using electrical extensometers.

Figure 8 which follows shows changes in convergence and it is particularly important.
In fact it shows the series of convergence curves which we recorded at the chainage
points given at the bottom, corresponding to particular overburdens. You can see that for

n THE MOTORWAY FREJUS TUNNEL
Frejus peak 2907 m (m)
~3500
— R Outlines at 'd' distance
2. dzzﬁqgr% from the tunnel centre-line
[ -2500

=y

Ventilation shaft shaft

D5 % —_ - 1500

Monitoring

stations
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overburdens of approximately 500 m.,
the curves show a pseudo elastic de-
velopment, typical of a tunnel which
is advancing under stable face-core
conditions, whereas beyond that the

ELECTRICAL GAUGES BOLTS FITTED WITH
ELECTRICAL GAUGES

T W
»

convergence station one metre from
the face (convergence station No. 6).
After 15 days of halted advance,
maximum deformation (due to fluage)
ap 40 48 -‘[m] of approximately 10 cm. was found.
DISTANCE FROM THE FACE When excavation resumed using the
same methods as before, conver-
gence rose sharply to reach 60 cm.
after three months. After the face had advanced a few tens of metres further, conver-
gence returned to normal values.
Such high convergence, after the face had moved on from the measurement station,
canonly be explained if it is admitted that the calc-schist subjected to the high stresses
produced by the lithostatic load behaved like clay, extruding towards the cavity and
predisposing the future profile of the excavation ahead of the face to a form of pre-
convergence. The pre-convergence functioned as an antechamber, predisposing the
cavity to the strong convergence systematically measured after the face had moved
forward from the measurement station.
This simple and perhaps even obvious consideration convinced me of the need to organ-
ise serious and in-depth research into the relationships between changes in the stress
state of the medium (the ground) induced by the advance of a tunnel face and the conse-
quent deformation response (reaction) (Figure 9).
Theresearch, conducted with my assistants at Rocksoil S.p.A., was carried out in three
stages as shown in Figure 10. It was immediately recognised in the first stage of the
research that new reference parameters needed to be identified (Figure 11): the ad-
vance core and the three components of the deformation response, which were then

behaviour is elastic-plastic with con- 7. THE FREJUS MOTORWAY
vergence of around 10-20 cm. at tun- TUNNEL: MEASUREMENT OF
nel advance speeds of approximately THE STRESSES IN THE
200 m. per month, typical of a tunnel ANCHORS USING ELECTRIC
1=4.00 m B A - EXTENSOMETERS
2=24 mm advancing under conditions with the TH OVERBURDENS OF 550 M.
[CHAINAGE 5128 m face stable in the short term. AND 1,150 M.
OVERBURDEN 1150 m . . L
[kN] } ey e ) The most interesting thing is what
- 180J > happened at chainage 5172 under an
g overburden of 1,200 m. (Station No. 6).
1 =

a ' Here the face was halted for the sum-

§ s mer vacations, after reinforcing the

5 120 4 ground around the cavity only with

£ 100 more than 30 Ancral rock bolts per

Z  80- linear metre and after installing a

=

o

w

r 4

w

'—

OVERBURDEN

TCHAINAGE 3993 m
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(mm) (mm)
650 650

600- No. 6 monitoring station 6004 No. 6 monitoring station
overburden H =1,200 m overburden H =1,200 m 6
V=100 m/month
550 550
500 5001
8. THE FREJUS MOTORWAY 450 V=100 m/month 450
TUNNEL: MEASUREMENTS OF 4004 400
CONVERGENCE AT DIFFERENT 350 350
MONITORING STATIONS
300 300+
UNUSUALLY LARGE CONVERGENCE
WAS OBSERVED AT STATIONNO. 6 250+ 250+
AFTER THE FACE HAD HALTED FOR 15 2004 ® Convergence with 200
DAYS, WHILE OTHER PARAMETERS . tunnel face stationary
REMAINED UNCHANGED. THIS 150 8 1501
RETURNED TO NORMAL VALUES 100 100
AFTER THE FACE HAD ADVANCED A 50 %3 [v=200 m/montn] 50,
FEW TENS OF METRES FURTHER 12
0- : . ‘ 0 . . ,
0 30 60 90 (days) 0 30 60 90 (days)
9. MEDIUM, ACTION
AND REACTION
THE FREJUS EXPERIENCELEDTOIN- |  ===zzzm————— e —T—=
DEPTHRESEARCH INTO THE l 5 6 l . i
RELATIONSHIPS BETWEEN CHANGES j‘ T T
INTHESTRESSSTATEOF THEMEDIUM | zazzzzomsossmsbeemoooo—con7 77 i 7 m oo

INDUCED BY THE ADVANCE OF A
TUNNEL FACE AND THE CONSEQUENT
DEFORMATION RESPONSE

Monitoring stations. 1 2 3 4 5 6 7 8 9 .
Chainage (m) I 845 861 2772 3954 4507 5172 5533 5915 6066 I
Overburden (m) I 490 500 580 590 740 1200 1400 1530 1640 I
Excavation Excavation
Sand Clay Rock profile face
. + stre
Medium stress ‘
state
Deformation response
2 - (deformation
eaction response)
__________ Action | (Advance speed)
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10. THE THREE STAGES
OF THE RESEARCH

11. THE NEW RESEARCH
PARAMETERS

» THE ADVANCE CORE

» THE DEFORMATION
RESPONSE CONSISTING OF:
- EXTRUSION

- PRE-CONVERGENCE
- CONVERGENCE

systematically and carefully monitored during the excavation of each tunnel, espe-
cially under difficult stress-strain conditions (Figure 12).

The results of the research led to the conclusion that by acting on the rigidity of the ad-
vance-core with conservation operations and reinforcement techniques, it was possible
to control deformation in the core (extrusion and pre-convergence) and as a consequence
to also control the deformation response of the cavity (convergence) (Figure 13).

Even tunnels, like all other civil engineering works can be constructed according to in-
dustrial criteria, on time and to budget, as forecast at the time of design, provided the
correct design approach is adopted (Figure 14).

We are convinced that, priority must be given ina correct design approach, to analysis of
the deformation response. This must be predicted theoretically, with the support of

Advance core

Face of the tunnel 0,

Components of 2 - Preconvergence

Extrusion | Preconvergence 1 - Extrusion
DEFORMATION RESPONSE
3 - Convergence

————— Preconvergence of the cavity
————— Convergence of the cavity

Ground intruded through the
theoretical profile of the tunnel

Convergence
Advance core
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Assessment of

Ex,

extrusion by experimental way
preconvergence by analytical way
convergence by experimental way

Ex1

——

Ex2

Exn

Sliding micrometer

Stop fittings

|«—— Preconvergence

Exn= extrusion
of the core

8fn = radial deformation

S
sy pre |
/f ————————— |
""'"'"“"""7 '/E '/E
| |
Extrusionj«t—‘ EXQ'\\A' Exnﬂ
""""""""""" Ay TRt
1 lopp Tafn

of the core

12. THE THREE COMPONENTS

OF THE DEFORMATION

RESPONSE WERE MONITORED

DURING THE RESEARCH
EXTRUSION OF THE CORE-FACE

PRE-CONVERGENCE OF THE CAVITY

CONVERGENCE OF THE CAVITY

13. THE RESULTS
OF THE RESEARCH

PIETRO LUNARDI
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mathematical models, before methods to control it can be
defined using pre-confinement and/or confinement of the
cavity (tunnel section types). During the construction stage
the deformation response, measured by experimental
means, must then be compared to the deformation response
predicted at the design stage for the final calibration of the
action taken during construction.

| believe that it is only by following a correct design ap-
proach of this type that we will be able in the future to
avoid the mistakes of the past which confused the ideas of
designers and operators in the sector:

» avoid making non homogeneous comparisons (Figure 14);
» avoid considering tunnels as a plane geometry problem.
In this manner we will be able to consider tunnels as true
and genuine civil engineering works, i.e. as works that can
be constructed to budget and on time. We will then be able
to say that we have succeeded in industrialising excava-
tion, not just under easy conditions, but also for conven-
tional excavation under more difficult, if not extreme,
stress-strain conditions (Figure 15).

3" research stage I

The arrival of the face
modifies the field of
stresses on the advance
core reducing internal
confinement to zero

Excavation face

Advance core

Outline of the 3" research stage

By operating on the rigidity of the advance core using conservation and

reinforcement techniques, it is possible to control its deformability (extrusion, preconvergence)

and, therefore, the deformation response of the cavity (convergence)

Excavation face

Advance core

o,

Deformation response Core-face Deformation Arch

in range: behaviour in the crown effect

Elastic Stability Stable O Natural
. . Stable in R e
Elastoplastic Extrusion the short Deviated
time
-
Failure Face failure] Unstable N 4/_ @ Nil
\'I
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DESIGN STAGE CONSTRUCTION STAGE
Theoretical analysis Experimental verification
Based on Based on
APPROACHES GEOMECHANICAL CLASSIFICATION DEFORMATION RESPONSE
Convergence / base (%)
BASED ON -
' Class  Negligible <1 Measurements in terms of 14. MONITORING DURING
GEOMECHANICAL IIIII " Low 2-5 convergence of the cavity only CONSTRUCTION
CLASSIFICATIONS Y " Medium 5-10 THE ADECO-RS APPROACH AVOIDS
Va " High 10-15 THE PAST MISTAKE OF COMPARING
(e.g. NATM.) Vb . Very high >15 NON HOMOGENEOUS PARAMETERS
AND CONSIDERING TUNNELS AS A
Based on the core-face Based on SIMPLE PLANE GEOMETRY PROBLEM
DEFORMATION RESPONSE DEFORMATION RESPONSE
ANALYSIS OF . assessed using mathematical methods Measurements in terms of 15. THE INDUSTRIALISATION
controLLed |4 o emeroone o e wavi PERFORMED TR0
Characieristic e of the half and convergence of the cavity
DEFORMATION IN % T iy atte e ACCURATE ANALYSIS AND
ROCKS AND SOILS " ey ferirom the fece dr EFFECTIVE CONTROL OF THE
(ADECO- RS) dr] ? Q DEFORMATION RESPONSE
TUNNELS, LIKE ALL OTHER CIVIL
0 Pp  Pressure ENGINEERING WORKS, CAN BE
CONSTRUCTED ACCORDING TO

INDUSTRIAL CRITERIA, ON TIME AND
TO BUDGET, AS FORECAST AT THE TIME
OF DESIGN, PROVIDED THE CORRECT
DESIGN APPROACH IS ADOPTED

A.DE.CO. - RS |

Analysis of COntrolled DEformations in Rocks and Soils

—
DEFORMATION RESPONSE

7~ N

Analysis Control
stabilty | Category A Preconfinement action
Extriision Category B
Face failure J¢ Category C i Confinement action
- -
Theoretical evaluation of Experimental measurement of
the deformation response the deformation response

N ~

FINAL DESIGN CALIBRATION

- .
TUNNELLING INDUSTRIALISATION
(respect of the predicted contruction times and costs)
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FIRST SESSION
Pierre Habib

On this occasion of the thirtieth anniversary of the company Rocksoil, |
am delighted and honoured to present the first of the two sessions on
underground works.

This day is very exceptional because the professionals, experts, profes-
sors and scientists which you will hear have driven tunnels throughout
the world and have contributed to the significant advances that have
been made in this sector over the last forty years.

CHAIRMAN'S TABLE
FIRST SESSION

PROF. ING. PIERRE HABIB,

CHAIRMAN OF ROCKSOIL S.PA.,
FORMER PRESIDENT OF THE
INTERNATIONAL SOCIETY FORROCK
MECHANICS AND DIRECTOR OF THE
SOLID MECHANICS LABORATORY AT
THE ECOLE POLYTECHNIQUE DE PARIS

PIERRE HABIB
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THE CRACKING OF ROCKS AROUND TUNNELS
AND UNDERGROUND WORKS

1. THE BEHAVIOUR OF THE ROCKS

Figure 1 shows a typical curve of the behaviour of geomaterials (rocks or concrete) dur-

ing a triaxial compression test. At point (1), at the beginning of the load, sometimes a 1 INSTANTANEOUS
slight initial stiffening is observed due to the closing of open cracks in the material and BEHAVIOUR DURING
also perhaps to an initial uncertain contact of the sample with the platforms support- ATRIAXIAL TEST

ing it. At points (2) and (5) the curve of the first load is approximately a straight line
and one may speak of an elastic modulus E, (as well as a Poisson modulus v,). On the
other hand, the unloading curve (3) can also be approximated, but with another straight
line (also with another elastic modulus E, and another Poisson modulus v,). Il ricarico (4)
rimette le cose inordine e il tratto (5) si trova, grosso modo,
sul prolungamento di (2). The reload (4) tidies things up .
again and the section (5) is more or less an extension of (2). “ e
Generally, the relationships between the velocity of the — [ . ol o alee
sound wave V, the elastic modulus E, and the density of the | B s @ g, TS
material p of the form: ol "___'- @ S

V= \E fv) _!'i i e Bl e 9. e

do not give good results with E; and v,. Obviously, since the

2. DEFORMATION
DEFERRED OVERTIME

stresses due to the propagation of the sound waves are e e RS T gh e AT P
cyclical, it is best to compare V with E, rather than with E,. LBl By e CAC
However, even this method does not give good results and N ) S

all that can be said is that the greater the velocity of the Srhloel) e s A e
propagation of the sound, the greater the breaking strength = W S e T o
of the material: a monotonic relationship is obtained be- fiET e, e OGS S bent g 2eh U T :

tween E and Rc.

As the load increases, small cracks are produced in the rock. They gradually
increase in number as the stress-strain curve (6) begins to curve and as the
maximum load that the rock can support is reached (7). At this point, if two
observers watch, one focusing on the increasing deformation and the other on
the appearance of a failure surface, it will be the observer who sees the slope
of the curve (6) start to change to a horizontal position who warns the other
that a slip surface (8) is about to appear (and not the other way round). In fact
the work of J. Desrues (1984) at Grenoble showed that local deformation as- ] i
sumes a diffuse organisation very early during loading and causes a localisa-  [-f /] o Ay RS

tion of deformation into a genuine failure surface. As it develops (8) an 4 e o g
increase in volume is produced, as occurs in soil mechanics during the devel- — [|/f). © 2 i 10
opment of a slip surface in a dense sand. In the case of dense sand, if the slip : St N LS s
surface is prevented from developing, the increase in volume is general e :
throughout the sample. This happens, for example, for asample that is not very e e s

PIERRE HABIB
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3.DIFFERENT ORIENTATIONS
OF CRACKS AND THE
ASSOCIATED LATERAL
DEFORMATIONS
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thick placed between two plates with nil friction. Here, the slip surfaces hit the plates
and are unable to develop further and the volume continues to grow. The same thing hap-
pens for rocks and for cements. In a triaxial test, the slope (8) therefore corresponds to
the material softening and being crushed in the slip plane. The test ends with a step of
friction (9) in the failure plane.

If simple compression is exerted on fragile materials, like glass or very hard rocks or
very strong concretes, breaks appear known as column or scale fractures, the orien-
tation of which is almost parallel to the direction of the greatest stress applied. Sound
is emitted before failure occurs. They occur before (7) in a triaxial test and correspond
to micro-breaks, the sources of which can be identified if various surface sensors are
available. The orientation of the micro-breaks is clearly random, because it is a func-
tion of the non homogeneous orientations of the existing defects or of the contacts
between the constituent minerals of the crystalline rocks or of the different aggre-
gates in the concrete. The number of noises generated in this way increases with the
load, but continues to occur over time even under a constant load, without actually
being predictable, in such a way that Figure 1 should be completed with Figure 2 if
time were included, with (or without) deferred deformation, and that is with stabilisa-
tion or even with final failure. Consequently, the peak (7) in Figure 1 must be reduced
to the value (7') in the Figure 2 when the construction of a structure is designed to last
for avery long period of time.

Measurement of the mechanical properties of geomaterials must therefore be esti-
mated with account taken of the effects of time and of the duration of the loads.
However, the scale effects must also be considered. As is known, these can be charac-
terised by the following observations: the smaller the samples, the stronger they are and
the more important the scatter of the results is. One attempt at interpretation is to say
that the extreme strength of arock is conditioned by the presence of a structural defect.
The smaller the samples the less likelihood there is that they will contain a serious struc-
tural defect. However the more numerous the samples are the higher the probability of
encountering different defects with a consequent greater scatter of the results.

The effects of temperature must also be taken into consideration: the higher the temper-
ature, the lower the failure strength. The lower the temperature the greater the strength.

Therheology of geomaterials is without doubt very complex.

Often jointed or faulted cracks caused by tectonic distur-

bances are found in geological formations which have been
subjected to considerable distortions. Sometimes cracks are
“healed” and closed by calcite or by silica. We encounter this
phenomenon in situ and also in stones transported by rivers.
In these cases it is very difficult to rediscover the orienta-
tions of the stresses that generated the initial cracks. How-
ever, as Talobre J. (1957) wrote: “It is clear that the veins (of

PIERRE HABIB

calcite) have been lodged in a crack that has opened”
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In one of the last conversations that | had with the late Pierre Sirieys on scale net-
works of cracks, | pointed out that for cracks to open, the rock must have been sub-
jected to tensile stress and he replied that the break may be produced under the effect
of excessive transverse stretching connected with the Poisson modulus. He cited tri-
axial tests on very fragile rocks subjected to relatively weak lateral pressures during
which breaks appear in small columns, even if normal compression stresses have been
exerted on the cracks. Figure 3 explains the origin of this excessive stretching in a
fractured medium in cases other than the initial orientation of the cracks.

Finally it is precisely those breaks that are close to correctly oriented cracks, sub-
jected to axial compressive stresses, which cause a significant percentage of lateral
movements and therefore a high Poisson

modulus.

ROCKSOIL'S THIRTIETH ANNIVERSARY

4. THREE WAYS IN WHICH
CRACKS CANDEVELOP

However, it is also known that the per- |’ AN
meability of rocks is closely connected
with cracking and stresses.

Generally, three methods exist by which
cracks can develop (Figure 4).

»Method 1 by tensile stress.
» Method 2 by shear stress.
» Method 3 by torsion.

METHOD 1 METHOD 2

Method 3 is exceptional in rock mechanics and in geology. The particular characteristic
of method 1 is that the crack can close completely because the opposite surfaces can
knit perfectly. On the other hand method 2 does not allow this and consequently perme-
ability may exist through the crack in the direction of the slip rather than perpendicular
to the direction of the cut.

2.THE BEHAVIOUR OF IN SITU ROCKS

Clearly the behaviour of large masses of in situ rocks is rather different from what
happens in a laboratory. Nevertheless, common properties and similar effects are
found. For example, the behaviour of rock underground during excavation may be in-
fluenced by scale effects, by deferred deformation or anisotropic phenomena. It must
also be added that in situ stresses are only really known with sufficient approxima-
tion during the first underground operations, something which does not simplify be-
haviour comparisons.

When rock is very strong or the cavity to be excavated is not very deep, deformation
of the medium is limited. It therefore remains within the linear elastic range of be-
haviour. This is the case, for example, of natural cavities which in most instances are
found to be in this condition and the use of supports for them is not necessary! Many
rail tunnels have been constructed in this way for many years without causing any sig-
nificant problems.

o

METHOD 3

PIERRE HABIB
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However, in a cavity that has been cracked as a result of excavation by blasting, un-
stable blocks can fall from the roof and these must either be removed or held in place
with anchors. At great depths and with weaker and more deformable rocks, the cavity
may contract. This can be assessed by measuring convergence between the wall and
the roof and between the side walls. These deformations in a horizontal section increase
when the face advances and also when deferred deformation occurs. It is not serious as
long as the deformation remains small, or small enough that is to remain within the elas-
ticrange. In cases to the contrary, when convergence exceeds certain percentage points,
support must be installed quickly: shotcrete, steelribs in greater or smaller numbers and
rock bolts. The reason is because this may mean that a plastic zone is beginning to de-
velop and that the rock, after exceeding a peak of maximum strength, is beginning to
weaken. This is similar to the phenomena (6), (7) and (8) shown in Figure 1, or (7') in the Fig-
ure 2. It is therefore possible to resort to deep anchors using rock bolts in lesser or
greater numbers and long enough to be anchored in the elastic zone beyond the plastic
zone. This technique has been called suspended reinforcement (Figure 5). However, if the

plastic zone is very thick, the zone remaining within the elastic range may not

be close to the walls of the tunnel. For example, during the construction of the
Frejus tunnel, convergence of approximately one metre was measured in the
schistose limestone on the |talian side under very large overburdens. The plas-
tic zone was therefore thicker than the diameter of the tunnel. Consequently,
it was not therefore possible to install anchors longer than this diameter to an-
chor into the elasticrange. The rock bolts were therefore grouted along their
whole length and not just at the base. The density of rock bolts per square
metre and the use of bearing plates enabled the ground to be stabilised before
the final lining was installed. In a certain sense the reinforcement of the rock
bolts conferred cohesion on the rock mass, thereby limiting plastic deforma-
tion around the tunnel.

PIERRE HABIB

Generally, when plasticisation around a tunnel is under control, the cracks induced around
a tunnel or in situ cracks do not cause concern to a civil or mining engineer. The cracks
may even be useful, because they can create drainage around a tunnel and thereby re-
duce hydraulic pressures behind the lining. This would not be the case if a perfect water-
proof seal was desired.

During the construction of a tunnel under a shallow overburden, surface soil deformation
— elastic or plastic - may cause damage. This happens, for example, in a city where sur-
face disturbances may occur above underground works in old buildings or in underground
utilities.

Generally, with regard to predictions of surface soil movements, two cases can be dis-
tinguished: firstly what happens in the short and then in the long term, above the part
of the tunnel that has already been excavated and secondly, what happens in the short
term ahead of the tunnel face. In the first case, the problem is classic. If we place our-
selves in the vertical plane perpendicular to the axis of the tunnel, the deformation

o
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calculations are relatively simple, even if the mechanical properties of the materials
are less so. However, observations and the results of experiments have made it pos-
sible to establish practical rules to predict the magnitude and form of surface settle-
ment as a function of the nature of the ground (Peck. R., 1969).

The problem of the face is obviously more complex, because it is three dimensional to 6.SHAFT AND DEPOSIT
all effects and purposes. Nevertheless, it is naturally limited to the short term only.

Excavation with an earth pressure or slurry pressure shield enables surface reper-

cussions to be reduced. Furthermore, the influence of the effects of ground defor-

mation ahead of the face on the surface decreases as the depth of tunnels increases.

On the other hand, however, substantial deformation ahead of the face at depth

causes great difficulties, because it is difficult to detect and even to measure (be-

cause the rock mass that runs into the tunnel is removed as excavation proceeds) and

also because it is not possible to install support on the face, except when work is

halted temporarily.

3. TOXIC WASTE DEPOSITS

Whether it is chemical, physical, metallurgic, medicinal or nuclear, industry generates
toxic waste which must be completely isolated from the living world.

Old mines or underground constructions designed espe-
cially as deposits can be used for this purpose. However,
one of the great difficulties to be faced is that of water
which acts chemically through corrosion of the containers
or of the waste itself or which acts physically by trans-
porting toxic substances by means of infiltration.

Waste deposits therefore involve above all the conception
of a path which enables us to transport toxic substances
to depth, down a shaft or straight or spiral descent tun-
nel, through more or less permeable geological environ-
ments. This path is impermeable at the destination. On the
other hand deposits are to a greater or lesser degree sur-
rounded by cracks generated by the works to store the waste. Now between these two,
there will be a tunnel to pass between them and it is essential that this tunnel is as im-
permeable as possible to prevent any connection between the two cracked zones.

4. EXCAVATION DISTURBED ZONE (EDZ)

In order to be able to solve problems caused by the excavation of a tunnel, it is essen-
tial to correctly understand what is happening close to the face during tunnel advance.
You need to begin with simplest things.

The classic two dimensional load mechanism of a plastic medium with cohesion c and
nil internal friction is that of Prandtl. The failure stress qu, is reached when qu = (2 +
mt)c (Fig. 7A). If the ends are loaded and the medium is free between them, Prandtl’s
model is still valid, but the movements are in the opposite direction to before. On the
other hand the limit load is nevertheless the same qu = (2 + zt)c (Fig. 7B).

PIERRE HABIB
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7. PRANDTL'S MODEL

8. MEDIUM WITH INTERNAL
FRICTION

9. BEYOND THE FACE OF A
TUNNEL
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Inthree dimensions, and that is with a circular load on an undefined body, the problem
is a little more complicated but it is generally accepted in soil mechanics for a load of
qu=6.4c. Thereverse mechanism (lateral load and free base) is more complicated and
it is generally accepted that the pressure under a plate with a circular hole in it is
greater than 9,4 cin order to allow the ground to pass through the hole. This situation
is in some ways comparable to that which could occur at the face of a tunnel driven
through clay.

However, the situation is very different for mediums with cohesionless internal friction
because the flow configurations are very different for loading (Figure 8) or for heaving.

The same can be said for mediums with cohesion and internal friction.

Let us seek to understand how material moves beyond the face when it begins to pen-
etrate towards the inside of a tunnel (Figure 9). When the face approaches the small
sample A, this is squeezed to become the small sample B.
The principal stress for this squeezing is perpendicular to the lines of flow. The slip
surfaces therefore form an angle of

(3-3)

withrespect to the normal lines of the general movement.

Everything which lies in the zone of the tunnel advance
(dotted line in Figure 9) will be completely destroyed dur-
e ing face advance. Only traces of what lies outside that
i zone will be found and this is in effect the orientation of

A-PUNCHING INTO THE GROUND

B-UPLIFT OF THE GROUND the cracks observed in extremely different mediums, such
as clay in Belgium or argillites in France.

These indicate a preferred pattern for infiltrations which can circulate
in this plastic material. To determine the orientation of these cracks
by means of calculation is particularly difficult because only very poor

knowledge is possessed of the values for internal friction and cohe-
sion of the rock materials.

PIERRE HABIB

If we now consider Figure 5, we realise that it does not represent the
reality at all. Its conception is in fact based on oversimplified assumptions which were
chosen to calculate the elastic-plastic equilibrium of tunnels.

We initially assumed that the tunnel was located in a site, the surface of which was
rigorously horizontal - a little like a plain. First a tunnel is excavated with a perfectly
circular cross section in a medium without gravity. Then, supports are installed. Next,
gravity is added to the soil so that the principal stress is very vertical (something which
would not occur under the sides of a valley), but equal to the weight of the ground.

It is therefore assumed that the horizontal stresses would all be equal (an assumption
that would be almost true for the site of the ANDRA underground laboratory — Gay D.
& Al., 2010). And all this is done to analyse how the slip surfaces might be distributed.

o
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Clearly, this does not correspond to the reality at all. And every one knows that because
of the gravity gradient, the raising of the ground in a tunnel is less than the lowering of the
roof and that there is nothing worse than blocks of stone landing on your head.

It can therefore be clearly seen that the elegant slip surfaces and the relative calcu-

lations do not represent the reality at all. Inareal tunnel, Figure 5 is subject to the ef- 10. TUNNEL ADVANCE
fect of the force of gravity before the supports are installed, always hoping that the PROTECTED BY A SHELL
elastic limit in the rock mass is not exceeded too much and that the plastic or visco-

plastic deformation develops calmly and that it is possible to install the suspended

reinforcement.

Furthermore, and in any case, we have forgotten that Figure 5 must be set, before all

else, inrelation to Figure 9, because generally the excavation of a tunnel always takes

place from the face! It is precisely at this stage that the first slip surfaces begin to be

produced at the face around the tunneland in directions that are completely different

to those shown in Figure 5.

However, this must not prevent us from studying a working method.

5.HOWTO AVOID THE CREATION OF AN EXCAVATION DISTURBED ZONE (EDZ)
To prevent damage to rock during excavation, deterioration beyond the face caused
by movements of the rock mass towards the gaping opening of the tunnel face must
be prevented. To achieve this the network of cracks must not be allowed to develop
around the zone that is to become the face. Classic methods used to overcome un-
stable underground zones must therefore be employed. Freezing may be used for
example. However, this technique is very slow for large diameter tunnels and re-
quires preliminary thermal studies of the rock and allowance for expansion caused
by freezing water.

First of all, support for the tunnel side walls must be extended up to the face. Pro-
tection of the face can be provided by means of a support ahead of the face with a
truncated cone shape created with overlapping elements excavated with a machine
similar to a chain saw pushed into the rock, or with cylindrical elements which inter-
sect each other like co-penetrating columns.

The subsequent excavations are filled with concrete as the various elements advance
(Figure 10). The incisions excavated for each of these elements are much smaller than
the tunnel. The scale effect is such that this operation will
cause almost no cracks in the rock mass.

Widespread use is also now made of face reinforcement
using fibre glass elements, with a length of approximately
three times the diameter of the tunnel. These can be elimi-
nated as the face advances and replaced with new elements
as the work proceeds. The face reinforcement is fixed with
anchors positioned far in advance of the face.

However, the best method is obviously that of using both
methods at the same time (Figure 12).

PIERRE HABIB
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11.NAILS IN THE FACE

12. PROTECTIVE ADVANCE
SHELL AND NAILS IN THE FACE

13. CREATION OF A
PROTECTED SECTION
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The reality of the rock mass through which a tunnel passes is probably not so simple.
More specifically, one principal horizontal stress may be greater than the other two
principal stresses, one horizontal and the other vertical. This should translate at the
face into specific orientations of rock mass destruction which are easily recognisable.
In this case a conical shell must be installed in advance to protect the face which is no
longer ring shaped, but which has anelliptical cross section which is appropriately ori-
ented with respect to the stress tensor of the rock mass.

Figure 13 shows the creation of a protected section. Tunnel support is brought close
to the face, then the advance shell and the nails in the face are installed simultane-
ously. Next, conventional excavavation is resumed. In actual fact the method proposed
for protected tunnel advance is very probably more costly than conventional tunnel
advance methods.

This set of operations for the construction of a protected section can berepeated a
certain number of times on different sections of a tunnel to create a waterproof
zone. However, it is essential to create one for the connection between a descent
tunnel and a deposit (and the same thing naturally also ap-
plies to the or the shafts and the deposit).

Either way it is clear that the effectiveness of that method for

obtaining a waterproof seal in a section - or of any other

method — must be verified by in situ tests performed before

work begins on the creation of the deposit itself.

BIBLIOGRAPHY

PIERRE HABIB

ANDRA. Dossier 2005, Argile, tome “Evalua-
tion de sreté du stockage géologique” (De-
cember 2005).

DESRUES J. (1984) “La localisation de la dé-
formation dans les matériaux granulaires”
PhD Thesis, 29t July 1984, Grenoble (257
pages).

BEREST P, GHOREYCHI M., HABIB P, (2000),
“Affaissement en surface lors du creusement
d'un souterrain’, Revue Francaise de Géote-
chnique, no. 92, 3" quarter of 2000, pages
41-47.

GAY 0., ALLAGNAT D., MOREL J., ARMAND G.
(2010) “Auscultation des alvéoles HA du la-
boratoire souterrain de recherche de '’ANDRA
(CMHM)" - Tunnels et espace souterrain, no.
221, Sept.-Oct. 2010, pages 371-376 and
383-390.

HABIB P. (2008) “Equilibre du front de taille
d'un tunnel” Proceedings of the conference on
“Le gallerie nelle infrastrutture di trasporto’,
Verona (ltalia), 5™ to 6™ March 2008).

LUNARDI P.(1989) “Etudes et expérences sur
le préconfinement de la cavité et la précon-

solidation au noyau du front’, Colloque Int.
“Tunnels et Microtunnels en terrains meu-
bles’, Paris, February 1989, Presses des
Ponts et Chaussées.

PANET M. (1995) “Le calcul de tunnels par la
méthode convergence-confinement’, Presses
des Ponts et Chaussées, pag. 93.

PECK R.B. (1969) “Deep excavation and tun-
nelling in soft ground’, 7" Int. Conf. Soils
Mech. and Found. Eng., 1969, State of Art,
pages 225-290.

SIRIEYS P. (2002) “Géométrie et graphe des
déformations rotationnelles” Revue Fran-
caise de Génie Civil, vol. 6, no. 7-8/2002,
pages 1241-1256.

TALOBRE J. (1957) “La mécanique des Ro-
ches”, Ed. Dunod, page 36.

WILEVEAU Y., BERNIER F. “Similarities in the
hydro-mechanical response of Callovo-Oxfor-
dian clay and Boom clay during gallery exca-
vation” “Clays in natural and Engineered
Barriers for Radioactive Waste Confinement’,
31 Int. Meeting, Lille, 17t" to 20" September
2007, page 149.

o




13:03 Péagina 41

1-07-2013

prima parte IN.gxd:Maquetacidén 1

41

ROCKSOIL'S THIRTIETH ANNIVERSARY

—
e nee e TEESS; H

4+

-




prima parte IN.gxd:Maquetacién 1 1-07-2013 13:03 Pagina 42 $

42 ROCKSOIL'S THIRTIETH ANNIVERSARY

n Kalman Kovari

YIELDING SUPPORTS IN TUNNELLING

Lining concepts with yielding support for squeezing and swelling rock
have deep historical roots in the international tunnelling literature.
Recent technological developments permit their application on large
scale and in an industrialized manner. Experience shows that it is highly
economical to allow controlled deformations of the rock and at the
same time to exert a considerable lining resistance. Instabilities and
cumbersome cleaning up of destroyed profiles can be avoided.

PROF. DR. KALMAN KOVAR],

SWISS FEDERAL INSTITUTE
OF TECHNOLOGY ZURICH,
CONSULTING ENGINEER
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1. INTRODUCTION
Although the processes taking place in the ground around a tunnel in squeezing and in
swelling rock differ from each other fundamentally, there is one common feature in both
cases: with increasing rock deformation the rock pressure decreases (Kovari, 2009).
This fact is proved both by experience and theoretical in-

vestigations and was clearly recognized as early as at the

wood back-packing hardwood elemeants

beginning of the last century. “With each fraction of (a) mil-
limetre with which the rock mass moves, the amount of
pressure acting on the lining decreases” (Wiesmann, 1914).
Based on this observation a number of design methods are
nowadays at the disposal of the engineer to control rock
pressure even in heavily squeezing and heavily swelling
rock. Both the temporary and the final lining can be con-
structed nowadays in such a way as to exert stabilizing
pressure on the rock and at the same time allow the rock
mass to deform. In many cases this combined action, i.e.
rock support and letting the rock deform, not only presents

the most economical solution, in some cases it is the only one that makes tunnel con- 1. YIELDING SUPPORT
struction feasible. One must bear in mind that in modern traffic infrastructure projects CONCEPTS

(e.g. high speed rail connections), apart from stabilizing the opening also the limitation (A) BACK-PACKING WITH WOOD
of deformations during the long operation life of the tunnel may become a formidable iggig%i;ﬁij&ggi%&wN
problem to be overcome. This is possible by limiting considerably the maximum pres- PANELS IN THE CONCRETE LINING
sure on the permanent lining that could develop in the long term and with it the maxi- (HEISE AND HERBST, 1913)

mum lining deformations or/and lining displacements. It is obvious that the differential
displacements with respect to the tunnel lining are crucial rather than the absolute
ones. It is well known that the squeezing and swelling potentials along a tunnel are not
uniform and also that the development of the corresponding pressures in the long term
may be extremely variable.

The need for yielding types of temporary or final support when tunnelling in squeezing
and swelling rock has long been recognized. Recently Anagnostou and Cantieni (2007)
have shown two historical examples for yielding support from mining in squeezing ground,
which clearly demonstrate two conceptually quite different approaches (Fig. 1). On the
one hand, a layer of sufficiently compressible material is inserted between the exca-
vated rock surface and the lining and, on the other hand, the lining itself is made highly
deformable (Heise & Herbst, 1913).

In both cases an adequate overexcavation is required to accommodate the expected
rock deformations. According to Fig.1 (a) a wood back-packing of sufficient thickness
serves as “yielding material “ whereas according to Fig.1 (b) compressible wood inter-
layers serving as “yielding elements” are inserted into the concrete lining allowing it to
converge. Later, for both concepts much more practicable solutions were developed.
For example, in squeezing ground Mohr (1957) proposed applying highly compressible
fuel ash between the lining and the rock of a deep shaft instead of wood. In this context,
Mohr provided the first representation of the characteristic line of the rock mass to-
gether with that of the yielding support (Kovéri, 2003).

KALMAN KOVARI
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Inthe 1930s Lenk (1931) reported on a patented method consisting of placing
alimited number of yielding wooden elements between prefabricated concrete
segments, in this way also providing joints almost free of bending moments

(Fig. 2). The deformation characteristics of these wooden elements were de-
termined experimentally.

The first type of yielding support of broad and continuous application, both in
mining and in tunnelling, was provided by the so called Toussaint-Heintzmann
steelribs. This involved the design of new steel profiles (top hat cross-section)
with friction connecting loops (Fig. 3) permitting the tunnel to withstand larger
convergence with more or less constant lining resistance. This marked the be-
ginning of the first industrially-produced supports in squeezing rock, by means
of which ground pressure could be reduced with increased convergence (Fréh-
lich 1948). As the friction resistance in the joints is very limited with respect to
the full load-bearing capacity of the ribs, the lining’s resistance to rock con-

2. YIELDING HARDWOOD
ELEMENTS BETWEEN
PREFABRICATED CONCRETE
SEGMENTS

(LENK, 1931)

3.SLIDING STEEL RIB
CONNECTION

(FROHLICH, 1948)

4. TUNNEL LINING IN
SWELLING ROCK: YIELDING
BACK-PACKING IN THE ROOF
AND YIELDING FOUNDATION

(SCHACHTERLE, 1926)

KALMAN KOVARI

vergence is also relatively small.

An early attempt to master tunnelling in heavily swelling ground by inserting a
yielding medium between lining and rock was reported by Schachterle (1926). As can be
seen in Fig. 4, firstly the lining was founded on a compressible layer of rock debris and
secondly inits upper part a compressible layer of the same material of 1 m thickness was
placed. Infact, in the course of time the roof heaved by approx. 1.3 m, necessitating the
reconstruction of the tunnel, which correctly involved the placement of an invert arch.

2.YIELDING SPRAYED CONCRETE SUPPORT

An ordinary sprayed concrete lining exhibits a high lining resistance but an extremely
low deformation capacity. If it is overloaded, it generally loses its load-bearing capac-
ity due to brittle failure even it is reinforced by the customary steel mesh.

Therefore, a sprayed concrete lining without special measures is not suitable in appli-
cations under the conditions of squeezing or swelling rock. However, if the “stiff” con-
crete lining is provided with a number of yielding elements, as proposed in Fig. 2, allowing
the contraction of the profile and exerting at the same time resistance to rock defor-
mation, the sprayed concrete lining becomes a particularly powerful means of control-
ling rock pressure.

Recently, new types of yielding elements have been proposed and applied successfully in
practice. One such element consists of steel cylinders inserted into gaps in the shotcrete
lining and loaded axially in the circumferential direction of the profile (Moritz, 1999).

o
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After a given initial critical load the cylinders start to buckle and
continue to do so in successive steps, undergoing shortening and
thus allowing at the same time a lining resistance to develop. The
photo in Fig. 5 illustrates the application in one of the slots in a
shotcrete lining.

Further progress in this field was achieved by the development
of highly compressible bulk elements on a cement basis. They are
composed of a mixture of cement, sand, hollow glass particles,
steel fibres and additives and are also provided with suitable
steel reinforcement (Thut et al 2006). In Fig. 6 an application is
shown in the 37 km long Létschberg Base Tunnel (Switzerland)
driven through highly deformable coal schist under a large over-
burden (Keller, 2005).

The compressibility of these “concrete” elements amounts to up to
40-50 %, depending on the selected yielding stress (4 + 20 MPa).
Fig. 7 shows the results of laboratory tests carried out on such
elements, illustrating the high reproducibility of their deforma-
tion properties. As can be seen, after reaching a given peak
stress of approx. 10 MPa, there is a practically constant yielding
state with a stress level of approx. 7.5 MPa, which after roughly
40% compression is followed by strain hardening. This type of el-

ement does not exhibit sudden brittle failure - on reaching the full deformation capac-
ity, the strength of the element increases.

In Fig. 8 the various stress strain diagrams illustrate the great possibilities of the highly
deformable concrete elements for wide applications are shown. By means of adequate
selection of composition, form and reinforcement it is possible to produce elements
for very specific applications.

According to the initial strength of the shotcrete and the estimated or measured rate
of convergence immediately after an excavation stage the deformability and strength
characteristics of the element can be predefined.

Stress [N/mm?]
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5.STEEL CYLINDERS
INSERTED INTO SLOTS OF THE
SHOTCRETE LINING

6. HIGHLY COMPRESSIBLE
CONCRETE ELEMENTS
INSERTED IN THE SHOTCRETE
LINING

7.STRESS-STRAIN
BEHAVIOUR OF YIELDING
CONCRETE ELEMENTS

(TYP SMLP)

8. DEFORMATION
CHARACTERISTICS OF
VARIOUS ELEMENTS
ACCORDING TO SPECIFIC
APPLICATIONS
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9. YIELDING STEEL SUPPORT

(A) DETAILS OF THE STEEL RIB
CONNECTION

(B) EXAMPLE FOR APPLICATION IN
MINING

10. SCHEMATIC
REPRESENTATION OF THE
LONGITUDINAL GEOLOGICAL
SECTION WITH THE
SQUEEZING TZM-FORMATION
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3. APPLICATIONS IN SQUEEZING ROCK

Inunderground construction, it is frequently observed that the excava-
tion of an opening leads in some circumstances to major short- or long-
term rock deformations, which cause a progressive contraction of the
opening (Kovéri,1998). If the phenomenon develops completely, the rock
penetrates the opening from all sides including the tunnel floor. In such
cases the main task is to limit the rock deformations by means of a tem-
porary support. Often this does not succeed because the temporary
support is not able to withstand the rock deformations and is either
damaged or completely destroyed. Without appropriate countermea-
sures the rock, so to speak, slowly pushes the destroyed lining in front
of it until the movements come to a standstill or lead to a collapse of
the opening. One of the countermeasures consists of introducing yield-
ing steel ribs (Fig. 9) together with rock anchors. Another concept con-
sists of ayielding sprayed concrete lining support combined with a light
yielding steel support. In the following, examples will be given for both
types of application.

3.1 Gotthard Base Tunnel with yielding steel ribs

In the central part of the 57 km long twin tube Gotthard Base Tunnel driven through the
Swiss Alps a stretch of 1150 m of the so called TZM Formation was predicted to be highly
squeezing (Fig. 10). In fact, a number of deep exploratory boreholes with lengths up to
1750 m have revealed a rock of very low strength and high deformability, consisting of
schists and phyllites.

In this part of the tunnel (excavation diameter @=13 m) the overburden was approx. 800 m.
From laboratory tests and comprehensive statical calculations it became clear that the
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tunnel could only be constructed if radial displacements
up to 0.70 m were permitted (Kovari and Ehrbar, 2008).
In order to stabilize the opening, the corresponding
lining resistance had to be increased to 2 MPa. Fig.
11 illustrates the relation between the overburden
H, the radial displacements u and the lining resist-
ance p for the representative rock mass parameters
listed in the figure.

1000

overburden H [m]
(%]
3

It can be seen that for an overburden of 500 m the ra-
dial displacements amount to 0.25m (p=1.0 MPa) and
0.15m (p=2.0 MPa), respectively. Doubling the height
of the overburden to 1000 m the radial displacements

D=13m

parameters:

- E =2000 MPa
-v =03

-¢ =0.3 MPa
- = 26°

-k = 1/(1-sing)

atp=1.0MPaincrease their value five-fold, i.e. 1.2 m. 0 05 10
Foraliningresistance of 2MPa the displacements de-

1'5

radial displacement u [m]

crease to 0.6 m. The excavation-support system (Fig.
12) involved a nearly circular profile (@=13 m) exca-
vated in full face (Lunardi, 1998) and systematically supporting the tunnel face by means
of long fully-grouted steel anchors.

As to the support in the cross section, the emphasis was placed on yielding steel ribs of
the heaviest type (TH44/58) with a spacing of 0.33-1.25 m. Additionally fully-grouted
radial rock anchors with a total length of up to 300 m were placed. A thin shotcrete lining
applied immediately after an excavation step had the sole function of sealing the rock
surface. This temporary lining concept permitted radial displacements up to 0.70min a
regular manner. To accommodate this rock convergence, it was necessary to provide
space by means of overexcavation. After the convergence capacity of the steel sets has
fully been exhausted a sprayed concrete lining of a thickness of 0.40 m was placed in
order to substantially increase the lining resistance. This most critical 1.1 km long stretch
of the Gotthard base tunnel was completed without the necessity of re-profiling.
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11. RADIAL DISPLACEMENT U
VERSUS HEIGHT OF
OVERBURDENHFOR TWO
VALUES OF LINING
RESISTANCE P

(KOVARI AND EHRBAR, 2008)

12. SCHEMATIC
REPRESENTATION OF THE
EXCAVATION-SUPPORT
CONCEPT

(KOVARI AND EHRBAR, 2008)
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13. FIELD TEST OF A LARGE
DIAMETER STEEL SUPPORT
EXECUTED INAHARD ROCK
NICHE WITH TWO COMPLETE
STEEL SETS

(A) THE SETS PRIOR TO LOADING

(B) THE SETS AFTER LOADING BY
WATER-INFLATABLE CUSHIONS AND
CONVERGENCEUPTO0.7 M

(KOVARI ET AL, 2005)

14. STEEL ARCHES LOADED
UP TO LOCAL BUCKLING OF
THE RIBS (TH44)

15. TESTRESULTS AND
THEORETICALLY EXPECTED
DIAGRAMS FOR SINGLE AND
DOUBLE RIBS
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Yielding steelsupport

It was planned to place two complete sets of TH 44/70 - type ribs within each other to allow
the large movements, involving in total 8 frictional sliding connections. Theoretical con-
siderations indicated a maximum lining resistance of 2 MPa for the case of complete ring
closure. The question was whether the system would really behave as predicted consider-
ing the extreme high loads combined with the unusually large displacements (sliding) of the
individual ribs with respect to each other. To perform the test a niche of adequate dimen-
sions was excavated in hard massive gneiss and two sets of ribs were erected with a spac-
ing of 0.5 m and stabilized to prevent movement out of the plane of the rings.

Liner plates were placed on the ribs to accommodate large inflatable rubber cushions
using water as the pressurizing medium.

Fig. 13 shows the test set up schematically, while Fig. 14 shows details of the ribs loaded
up to their bearing capacity. The most important results of this test can be summarized
as follows: During the sliding process in the joints there is only a very modest frictional
resistance resulting in a lining resistance of less than 0.25 MPa as shown in Fig. 15. At a
radial displacement (corresponding to convergence) of approx. 0.65 m, the lining resist-
ance increases but does not exceed 30% of its theoretically expected value. Due to local
buckling of the ribs, the bearing capacity of the double-rib only corresponds to about
50% of that of a single rib. However, the ability of the double-rib ring, with its connec-
tions, to allow a radial convergence of 0.7 m was well confirmed.
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3.2 Saint Martin la Porte access adit with yielding concrete elements

This adit - currently being excavated - will provide construction access to the 53 km long
twin tube base tunnel of the new Lyon -Turin high speed rail link (Mathieu 2008).
Exceptionally severe convergences have occurred in carboniferous formations with
black schists, sandstones, clay-like shales interspersed with layers of coal, with an
overburden of 250 to 350 m. The excavation profile is 77 m? to 125 m? for a final in-
ternal profile of 54 m? to 63 m?.

The temporary support consisted initially of dense radial bolting around the profile
including the invert together with yielding steel ribs (TH44/58) and a 200mm thick
shotcrete lining interrupted by 4 or 5 longitudinal slots. Due to these slots the shot-
crete lining could not develop any support effect for the rock. The greatest conver-
gence occurred after 145 days at a distance of 60 m from the working face and
exceeded 2 m.

Convergence rates varied from 30-50 mm/day at the face with 50% of total defor-
mation taking place in the first 20 m (Mathieu 2008). In order to better control the
rock deformations, i.e. to avoid the necessity of cumbersome, costly and time-con-
suming re-profiling a novel support system was implemented.

This involved a near circular cross section with the insertion of the yielding concrete
elements described above into 9 longitudinal slots in the sprayed concrete lining.

16.LYON-TURIN HIGH SPEED
RAIL LINK, ACCESS ADIT:
CONVERGENCEUPTO 2M
(PROFILE A)

RE-PROFILING AND APPLICATION OF
YIELDING CONCRETE ELEMENTS
(PROFILE B)

The choice of this countermeasure was based on earlier experience made in the 37 km
long deep Létschberg base tunnel (Keller, 2005).

The beam-shaped elements (height 400 mm, length 800 mm and thickness 200 mm)
were designed to yield at approx. 40% compression (Barla et al, 2008). It was verified,
by means of an extensive field monitoring programme, that the elements incorporated
into the lining were capable of shortening under a nearly constant tangential stress
of 8.5MPa. The system adopted in the Saint Martin La Porte access adit proved to be

KALMAN KOVARI
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17. CHIENBERG ROAD TUNNEL
INHEAVILY SWELLING ROCK:
“MODULAR YIELDING
SUPPORT”
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very successful. In tunnels through squeezing rock, realized in full face excavation,
steel arches with yielding joints and yielding elements in the sprayed concrete lining
present a consistence concept for rock support.

A great advantage stems from the fact that the overall deformation of the cross section
is less than with the traditional rock support with yielding steel sets alone (Cantieni,
Anagnostou 2009).

4. APPLICATIONS IN SWELLING ROCK

Rocks containing clay minerals or anhydrite increase in volume when they come into
contact with water. This phenomenon is referred to as rock swelling. Tunnelling in
swelling rock normally causes two different types of damage. The first type results
in the failure of the invert arch due to the pressure from the surrounding swelling
rock. The second type occurs under low overburden conditions, in which the tunnel
lining results in heave of the entire tunnel and initially may remain only slightly dam-
aged. The tunnel crown and floor experience an upward displacement which leads to
limitations or even loss of serviceability (Kovari et al, 1998).

The 1.5 km long Chienberg Road Tunnel in Switzerland, penetrating a heavily swelling
anhydrite formation (Gipskeuper), well illustrates this situation. It was designed with
a circular cross section and a 1.0 m thick concrete final lining to resist high swelling
pressure and excavated with the heading and bench method. As the heading was near-
ing completion in two individual stretches swelling caused the entire tunnel profile to
heave by up to 100 mm. The overburden was modest and the rock located over the roof
was very soft. Damage first affected
a 60 m long tunnel section and an-

other 370 m section of tunnel (Hofer
etal, 2007).

These two tunnel sections were re-
designed according to the concept of
“Modular Yielding Support” (Kovari
and Chiaverio 2007). This involved the

existing lining

new construction
initial lining

—— yielding foundation element
— vielding anchor element

rock anchors Detall: Yielding anchor elemant

KALMAN KOVARI

application of yielding concrete foun-
dation elements placed under the lin-
ing pillars (Fig.17). Other yielding
concrete elements were used for the
heads of tie-back anchors mounted on
the tunnel floor.

To implement this plan the concrete
floor of the tunnel lining in the two af-
fected sections had to be removed in
stages.

A 6 mdeep trench had to be excavated
below the original floor to build the
new floor for the modified system.
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18 The new carriageway slab is 4 m above
1 the new floor and has bending-resis-
1Yo tant connections to the remaining tun-
~* P nel structure (In figure 17 the dashed
o
o rryryrTy line shows the original profile).
@ X tda /‘ The concept of “Modular Yielding Sup- 18. THE QUALITATIVE
- port” is based on the diminution of RELATIONSHIP BETWEEN
8 swelling pressure due to permitted FLOOR HEAVE U, AND THE
14 floor heave. Figure 18 shows the quali- LINING RESISTANCE P,
p,* ; ) ‘g . q OF SWELLING ROCK P,
— tative relatlonshl!:) betyveen floor (KOVARIET AL, 1998}
lining resistance p, heave u_and the lining resistance p_ of
swelling rock (Kovéri et al, 1998). Per- 19.LABORATORY TESTS OF
mitting long term floor heave u_ by CYLINDRICAL FOUNDATION

ELEMENTS

using deformable elements results in less vertical stress p._.
(HEIGHT: 1000 MM / DIAMETER 900 MM)

The foundation elements applied at Chienberg Road Tunnel having a height of 1000 (SLTE;,:—TK,ELTZE@E!WHDIFFERENT
mm and diameter of 900 mm were designed in 3 different load classes for the vari- (RIGHT) AN ELEMENT COMPRESSED
able overburden along the two heavily swelling stretches. Each type has defined min- ATE07% (WITHRUBBERSKIN
imum and maximum levels of load resistance. The minimum level prevents tunnel

settlements; the maximum level protects the tunnel against overstress and heave.

Within the specified limits, a deformation range of 30-40 % of the original height of

the elements can develop (depending on the selected yielding stress). The load ca-

pacity of each element type was customized by varying the constituents and the rein-

forcement within the elements. To configure the different types of element for their

design parameters, several tests had been conducted on a 20 MN load testing equip-

ment. Figure 19 shows the results of uniaxial compression tests in the laboratory car-

ried out at cylindrical foundation elements.

The yielding anchor elements in the floor were installed in order to reduce the rate of
the floor heave. The elements for the anchor heads are based on the principle of pen-
etrating the anchor plate with a smaller diameter than that of the yielding element

= ]
w (=]
. 1 L

stress [MPa]
=

strain [%]
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20. LABORATORY TESTOF A
CYLINDRICAL ANCHOR
ELEMENT

(HEIGHT: 600 MM / DIAMETER 600 MM
DIAMETER LOAD PLATE 350 MM)

(LEFT) FORCE-STRAIN DIAGRAM OF
AN ANCHOR ELEMENT

(RIGHT) AN ELEMENT COMPRESSED
AT 40%

21. COMBINATION

SUPERFICIAL AND SINGULAR
YIELDING SUPPORT

KALMAN KOVARI
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(see also the detail in fig. 17). This sys-
tem also functions perfectly well if there
is some eccentricity of the force trans-
mission (anchor force). Figure 20 illus-
trates a testresult carried out with such
an anchor element.

The highly deformable concrete elements
at the Chienberg Road Tunnel are de-
signed for a deformation endurance of
about 25 years. The advantage of the
“Modular Yielding Support” system is that
it enables observing and replacing the el-
ements at any time without affecting the
traffic in the tunnel. The elements can individually be replaced after reaching their de-
formation capacity.

Stiff yielding elements

Compressible layer

A further potential application is offered by the Modular Yielding Support as a com-
bination of superficial yielding support (under the invert) and individual (modular)
yielding support under the foots of the vault (Fig. 21).

5. CLOSING REMARKS

Although the physical and chemical processes taking place in the ground around a tun-
nel in squeezing and in swelling rock differ from each other, there is one fundamental
aspect in these two cases: with increasing rock deformation the rock pressure de-
creases. This is proved both by experience and theoretical investigations. Based on
this fact, nowadays a number of design methods are at the disposal of the engineer to
controlrock pressure even in heavily squeezing and heavily swelling rock.

The need for the construction of long deep tunnels - as is the case under the Alps in
Austria, France, Italy and Switzerland - has made the problem highly relevant.

o
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In fact, the heavily squeezing rock zones
under high overburden in the 34 km long
Lotschberg Base Tunnel and the 56 km
long Gotthard Base Tunnel in Switzerland
could recently be successfully overcome
by introducing new design and construc-
tional methods. The key element of the de-
sign of the temporary rock support was the
fulfilment of the requirement to allow con-
trolled radial displacements up to 0.7 m.
The steel support is provided with sliding
joints and yielding beam elements are in-
serted in the shotcrete lining. In this way
the lining is capable of providing considerable rock support (so called lining resist-

22. CHIENBERG ROAD TUNNEL

ance) and at the same time also permitting convergence leading to a reduction of rock AFTER COMPLETION:
ressure for the final linin ‘MODULAR YIELDING
P & SUPPORT”

In the case of swelling rock containing clay and/or anhydrite the problem stems from
the ca-pacity of these rock types to increase their volume by absorbing water and thus
lead to heave of the base of the tunnel. The solution to the problem is provided again
by designing a lining system that allows a given amount of base heave without violat-
ing operational requirements. Inserting highly compressible materials of a specified
high resistance between rock and invert provides a satisfactory solution.
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Fulvio Tonon
=

A HISTORICAL EXCURSUS ON SEQUENTIAL EXCAVATION, NATM AND ADECO

Rabcewicz maintained that “tunnels should be driven full face whenever
possible” ADECO, which stands for “Analysis of Controlled Deforma-
tions in tunnels’ now allows us to fulfill Rabcewicz’s dream in any stress-
strain condition. In order to achieve that dream and its consequent
control over cost and schedule, however, NATM must be abandoned for
the ADECO. The paper traces the history of the sequential excavation,
NATM (as first conceived) and ADECO (Analysis of Controlled DEfor-
mations) with the aim of shedding light on the unavoidable use of se-
quential excavation in “soft ground’, and of highlighting advances in
tunnel design and construction that have occurred in Europe after and
as alternates to the NATM. The paper presents the basic concepts in
the ADECO approach to design, construction and monitoring of tunnels
together with some case histories, including: full face excavation for
Cassia tunnel (face area> 230 m?) in sands and silts under 5 m cover
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below an archeological area in Rome, Italy; Tartaguille tunnel (face area> 140 m?) ad-
vanced full face in highly swelling and squeezing ground under 100 m cover where
NATM led to catastrophic failure, France; and 80 km of tunnels (face area> 140 m?) ad-
vanced full face in highly squeezing/swelling ground under 500 m cover for the high-
speed railway line between Bologne and Florence, Italy (turnkey contract).

INTRODUCTION

Several generations of NATM (New Austrian Tunneling Method) consultants have us be-
lieve that NATM necessarily uses sequential excavation. Was this the original Rabcewicz's
intent? On the other hand, in many countries, such as the United States, sequential ex-
cavation is currently used to indicate soft ground tunneling without a tunnel boring ma-
chine (Romero, 2002). Many points of view on and definitions of the NATM have been
proposed (Kovari, 1994) and reviewed by Karaku and Fowell (2004). Brown (1990) and
Romero (2002) suggest to differentiate NATM philosophy:

» The strength of the ground around a tunnel is deliberately mobilized to the maximum ex-
tent possible.

» Mobilization of ground strength is achieved by allowing controlled deformation of the
ground.

» Initial primary support is installed having load-deformation characteristics appropriate to
the ground conditions, and installation is timed with respect to ground deformations.

» Instrumentation is installed to monitor deformations in the initial support system, as well
as to form the basis of varying the initial support design and the sequence of excavation.

from NATM construction method:

» The tunnel is sequentially excavated and supported, and the excavation sequences can
be varied.

» The initial ground support is provided by shotcrete in combination with fiber or welded-
wire fabric reinforcement, steel arches (usually lattice girders), and sometimes ground re-
inforcement (e.g., soil nails, spiling).

» The permanent support is usually (but not always) a cast in place lining.

This paper traces the history of the sequential excavation, NATM (as first conceived)
and ADECO (Analysis of Controlled DEformations) with the aim of shedding light on
the unavoidable use of sequential excavation in “soft ground’, and of highlighting ad-
vances in tunnel design and construction that have occurred in Europe after and as al-
ternates to the NATM.

SEQUENTIAL EXCAVATION: A 200 YEAR OLD APPROACH

In his 1963 book entitled “The History of Tunneling’, G.E. Sandstrom talks about the tun-
neling methods devised when the canal era and the railroad era developed in the first half
of the 1800s: yes, this is 200 years ago!. Since the book was published in 1963 and
Rabcewicz's papers on NATM were published in late 1964 and early 1965, there is little
doubt that what Sandstrom describes are methods that preceded the NATM. Let’s here
from Sandstrém (pages 113 and ff):

FULVIO TONON
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1. BELGIAN SYSTEM USED : : .\ €
IN THE 18005 \ Z
FROM SANDSTROM (1963) !
2.BRITISHSYSTEM USED 7 %
IN THE 1800s o 2 s ¢
FROM SANDSTROM (1963) ' &7

7 /

/ |\
3.CRISTINA (ITALIAN) SYSTEM /_-'-'-.-;"//7’.,.-.',", N 7
USED INTHE 18005 07577 %/ 2 .
FROM SANDSTROM (1963) Fig 48, An early sketch indicating the g ' "

sequence of excavation according to S T b I S
the Belgian System. ; "57’"9?;,,/ P gg") 7

4. GERMAN SYSTEM USED :
INTHE 18005 Fig 33. The first Swiss tunnel was the 8,198-ft.-long Hauenstein
FROM SANDSTROM (1963) Tunnel on the central railway between Bale and Olten. This

25:6¢ 197 ft. tunnel was built 1853-8 by the famous British
railway contractor Thomas Brassey.

Fig 59. The fully developed Cristina System of tunnelling. The
excavated section was filled with ashlar, beginning with the
invert, as soon as the clay was removed,

i S oot 5|

Fig Go. By filling in the excavated space with stone, leaving

only a small pilot tunnel open in the centre, the Italian tun- . i i pr e T
nell}:ers ﬁna]lypsutcccdcd inpstabilizing the ground (left). The Flg 31' 'I‘he Koninngorf_ Tunnel on the Dresc.len Leapzng_ 1}1’16
finished Cristina Tunnel is merely a small opening enclosed by was driven in 1837. In this tunnel the foundation for the l.m_mg
a tremendous stone structure. But even this structure did not was p]aced ﬁrst’ after which the masonry Immg was put in.
prove wholly stable and it became necessary to trim the sides With the hmng in pIace the central core was removed.

to enable a train to squeeze through the tunnel.
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“An old-time mining tunnel, or drift, seldom exceeded an area of 10 x 10 ft, whereas a
single-track railway tunnel used to be given an area of 16 x 22 ft., and a double track 28
x 22 ft. (modern tunnels are larger). The conventional practice used to be to advance a
small pilot heading first in the forepoling manner described - if in heavy ground - and
subsequently expand it to full size in some other way.

The method of breaking out from a safe, wholly enclosed pilot tunnel is one of the central
problems in tunneling and was endlessly debated throughout the last century. As a mat-
ter of fact it is still an issue that has to be argued as a preliminary to any tunneling
scheme, because if it is not correctly settled beforehand men will lose their lives and the
contractor his capital.

During the last century, a number of different tunneling systems were evolved which de-
rived their names from their national origin. These were the English system, the Belgian
System, the Austrian system, German (actually French) system, and the Italian so-called
Cristina system. The Americans also laid claim to an independent system’

And on page 130:“..., the interesting feature of these early American railway tunnels is
that most of them were driven full face, i.e. the entire tunnel area was excavated, although
in poor ground the top half was taken out to the full width and the roof secured with rafter
timbering and lagged'

The methods are illustrated in Figure 1 through Figure 4, and the reader is referred to
Sandstrom’s book for excellent details.

Take home:

The“sequential excavation method” is 200 years old and was well known when the NATM
was coined in 1964.

» The “sequential excavation method” was developed 200 years ago by miners that had to
adapt their mining techniques to the needs of civil engineering works.

» Power is defined as work/time, i.e. (ability to do work)/time.

» When the “sequential excavation method” was devised, tunnels were driven without
electricity and compressed air, i.e. the available power was very small, mainly manpower.
» Breaking out from the pilot tunnel is one of the central problems in tunneling; if it is not
correctly settled beforehand men will lose their lives and the contractor his capital.

» Early American tunneling was full face.

.. AND RABCEWICZ SAID “TUNNELS SHOULD BE DRIVEN FULL FACE
WHENEVER POSSIBLE”

In his abstract to the first 1964 paper on NATM, Rabcewicz refers to the NATM as: “a
new method consisting of a thin sprayed concrete lining, closed at the earliest possible
moment by an invert to a complete ring - called “an auxiliary arch” - the deformation of
which is measured as a function of time until equilibrium is obtained” In the same paper,
on page 454, Rabcewicz states that “One of the most important advantages of steel
supports is that they allow tunnels to be driven full face to very large cross sections.
The resulting unrestricted working area enables powerful drilling and mucking equip-
ment to be used, increasing the rate of advance and reducing costs. Nowadays, dividing
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5. MINIMUM SUPPORT
PATTERN FOR FLEXIBLE
APPROACH IN THE
BOLU TUNNEL

ORIGINAL DESIGN BY
GEOCONSULT (1996)

AFTER DALGIC (2002)

6.BOLU TUNNEL, HEAVE IN
THE ELMALIK RIGHT TUBE
ATKM 54 +135

CONSTRUCTED PER THE ORIGINAL
DESIGN BY GEOCONSULT (1996)

AFTER DALGI( (2002)
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the face into headings which are subsequently widened is used only under unfavourable
geological conditions” On page 457, Rabcewicz continues on this topic: “There are still
some difficulties to be overcome in normal methods of construction, as inverts are still
usually built last of all, leaving the roof and sidewalls of the lining to deform at will. In
the meantime, experience has taught us that it is by far more advantageous from all
points of view, and frequently even imperative, to close a lining to a complete ring at a
short distance behind the face as soon as possible. To comply with this requirement,
tunnels should be driven full face whenever possible, although this cannot always be
done, particularly in bad ground, where it often becomes necessary to resort to head-
ing and benching. In the most difficult cases it may even be necessary to drive a pilot
heading before opening it out to full section. An auxiliary arch executed in the upper
heading (Belgian roof arch) though fairly effectively preventing roof loosening, repre-
sents an intermediate construction stage, which is still subject to lateral deformation.
Such instability has to be removed as soon as possible by excavating the bench and
closing the lining by an invert!

Take home:

» NATM has nothing to do with sequential excavation.

» Rabcewicz realized that tunnels should be driven full face.

» Rabcewicz realized that full face allows for the use of large equipment i.e. deployment
of large power at the face, which translates into fast tunnel advance and reduced costs.
» Rabcewicz never cared about nor mentioned the ground ahead of the tunnel face or
ground support/reinforcement ahead of the tunnel face.

» Rabcewicz wanted but could not find a way to advance full face in difficult stress-strain
conditions. His inability to proceed full face in all stress-strain conditions in 1964 was
caused by a technological limitation in the normal methods of construction of those days

Some papers in this book propose examples where flexible solutions have been suc-
cessfully used. However, the very well documented example of the Bolu tunnel (Brox and

Da&rmatlon siots
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Hagedorn 1999, Dalgic 2002) should serve as an exam- T ADECO - RS v
ple inwhich ignoring the ground ahead of the tunnel face '

according to the NATM has led to the use of sequential
excavation. Re-start of the excavation for the bench un-
controllably increased the displacements that far ex-
ceeded the design tolerances. Flexible linings/supports,
overexcavation, longitudinal gaps in the shotcrete lin-
ing and yielding rock bolting according to the NATM
(Figure 5) forced the contractor to increase the exca-
vation cross-section from 140 m? to 220 m?,and to re-excavate the tunnel six
times with dramatic effects on tunnel construction cost and schedule. The con-
cept of monitoring the displacements to delay the installation of the final liner | 2o 1= me-—mr—c---—-
when convergences stop (or reach a small value, e.g., 2 mm/month) led to sig-
nificant deformations (Figure 6), unpredictable construction time, and, when
an earthquake stroke, to failure of 400 m of already excavated and supported
tunnel. As stated in the report to the re-insurers (Brox and Hagedorn 1999),
the concept of allowing large (50 cm or more) convergence to occur in an at-

Inside the tunnel and ahead of the face

Advance core

Advance core

Convergence

Preconvergence

tempt to reduce the “rock load” represents a high-risk approach to tunnel de- @

sign because it leads to unpredictable stress-strain behavior where the rock

mass is disturbed by large displacements and the yield zone around the tunnel - Face extrusion

may reach the surface (60-80 m in this specific case). Will re-insurers still be - Preconvergence of the cavity
willing to issue insurance policies to tunnel projects designed according to this - Convergence of the cavity

type of high-risk approach?.

QUANTIFICATION OF PRE-CONVERGENCE 7.NOMENCLATURE
Letus establish the nomenclature illustrated in Figure 7, where cavity is the opening al- AFTER LUNARDI (2008)
regdy ex.ca\‘/ated, and advance core is the ground ahead of the tunnel face and com- 8. PRECONVERGENCE AND
prised within the future tunnel profile. CONVERGENCE VS. DISTANCE
In 1982, Panet and Guenot (1982) quantified the radial displacement of the ground at TO THE TUNNEL FACE FOR
the future tunnel profile that occurs ahead of the tunnel face (preconvergence) in an TUNNELS IN CLAYS,
unlined tunnel (Figure 8) excavated in an elastic or elasto-plastic ground (no time-de- VNDRAINED CONDITIONS
. . N, =P,/S,;P,=INSITUHYDROSTATIC
pendent behavior was considered). At the STRESS, 5, - UNDRAINED SHEAR
face, about 30% of the final convergence STRENGTH
H has already occurred. Other researchers AFTER PANET AND GUENOT (1982)

have quantified the preconvergence and
convergence with and without the effect
of the installed lining (e.g., Corbetta et al.
(1991); Bernaud e Rousset (1992), (1996);
Nguyen-Minh (1994); Nguyen-Minh et al.
(1995); Nguyen-Minh and Guo (1993.3;
1993.b;1996) and Guo (1995)). In particu-
lar, these studies show that a stiff lining
may significantly reduce the convergence
at the face, and thus preconvergence.
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9. MEASUREMENT OF
EXTRUSION WITH SLIDING
MICROMETER AND
RELATIONSHIP BETWEEN
EXTRUSION AND
PRECONVERGENCE

AFTER LUNARDI (2008)
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ITALIAN ADVANCES IN PRE-SUPPORT

The micropile umbrella-arch (also known as pipe-arch umbrella) consists of sub-hori-
zontal micropiles made up of steel pipes grouted in place at high pressure to improve
the ground all around the perimeter of the excavation. In 1975, micropiles at different
angles were used to tunnel through a collapsed zone (Carrieri et al. 2002), and in 1976
the first umbrella was designed as integral part of the support system for the S.
Bernardino tunnel along the Genova-Ventimiglia railway line (Piepoli, 1976). By 1982,
15 tunnels in Italy had been driven by using a micropile umbrella (Barisone et al., 1982).
Unfortunately, in many countries a pipe-arch umbrellais erroneously thought of being
part of the NATM. In Italy, other major technological advances were made in the 1980's
as a consequence of Lunardi’s basic observations on and improved understanding of
tunneling. Let’s see what they were.

LUNARDI'S BASIC OBSERVATIONS ON TUNNEL BEHAVIOR

The same way as Rabcewicz conceived of the NATM in the 1960’s by observing tunnel be-
havior, in the 1970-80's Lunardi made the following basic observations in the tunnels that
he designed and/or built:

1. Convergence (radial displacement of cavity wall, Figure 7) is only the last manifesta-
tion of ground deformation. The convergence is always preceded by and is the effect of
the deformation of the advance core: preconvergence =radial displacement of ground at
the future tunnel perimeter, and extrusion = horizontal displacement of the core.

2. Extrusion can be measured in situ and is related one-to-one with the preconvergence

(Figure 9)
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3.In squeezing ground, everything else being the same, the deformation (convergence) of
the cavity increases as the speed of tunnel advance decreases. This is illustrated in Fig-
ure 10, which gives the convergence measured in the calcshists of the Frejus tunnel. When
the tunnel advanced 100 m/month (Section 6), the convergence in the cavity was three
times as large as the convergence measured when the tunnel advanced 200 m/month.

When advancing 100 m/month, it was observed that the ground in the tunnel core de- 10. CONVERGENCE
formed much more then when advancing 200 m/month. MEASUREMENTS
4.The collapse of the cavity is always preceded by the collapse of the face-core system INTHE FREJUS HIGHWAY
(Figure 11) TUNNEL, 19705

5.In top-heading and benching, the tunnel face starts at the crown of the top heading and AT EARDI00E)

ends at the invert of the bench (Figure 12).

6. The arrival of the tunnel face reduces the confinement in the core and increases the
major principal stress, giving rise to three basic face-core behaviors: A = stable; B = sta-
ble in the short term; C = unstable (Figure 13).

(mm) (mm)
6501 6501

600 No. 6 monitoring station 600 No. 6 monitoring station
overburden H =1,200 m overburden H =1,200 m
6 | V=100 m/month
550 550
500 500
450 V=100 m/month 450
400 400
3004 300
250 250
2004 ® Convergence with 200+
tunnel face stationary
1504 78 150
5
1004 100+
4, |V=200 m/month |
50 50
2
0 , : 3 0 : : :
0 30 60 90 (days) 0 30 60 90 (days)

Monitoring stations| |1 2 3 4 5 6 7 8 9
Chainage (m) 845 861 2772 3954 4507 5172 5533 5915 6066
Overburden (m) 490 500 580 590 740 1200 1400 1530 1640
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11. CASE HISTORIES OF
TUNNEL COLLAPSES
AFTER LUNARDI (2008)

12. FAILURE ATTASSO
TUNNEL EXCAVATED TOP

HEADING AND BENCHING,

1988.NOTICE2M
CONVERGENCE INTOP
HEADING

AFTER LUNARDI (2008)
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S. STEFANO TUNNEL (1984)

EVENT 1 : Failure of the core-face

//,

EVENT 2 : Collapse of the cavity

P

T

// REERER

i

b

S. ELIA TUNNEL (1985)
EVENT 2 : Collapse of the cavity

EVENT 1 : Failure of the core-face

AN
\/\ \\/\ ng \: N \/\J@\ / A ng \ SN
, f’? \ 2 f"? X
% ,,,,,,,,,,,,, 05 D/\ NS O X % ,,,,,,,,,,, ;zf'f’?ﬁ,”!i\ \/\\ N
e — X / \/\ = e — 129 7777777777 X / \/\
TASSO TUNNEL (1988)

EVENT 2 : Collapse of the cavity

H&HHM??
B

EVENT 1 : Failure of the core-face

Section A-A

Section A-A

Section A-A

Rome - Florence railway line - Tasso tunnel
Chronology of deformation observed in a failure during half-face advance

(a) Half-face advance

-

(b) Failure of the face

SRS 1 £ £
Tasso tunnel. collapse of the cavity (c)
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Advance core

Face of the tunnel \(53

The arrival of the face
modifies the field of
stresses on the advance

core reducing internal
confinement to zero

13. TUNNEL BEHAVIOR
CATEGORIES BASED ON

Deformation response Face-core Deformation Arch FACE-CORE BEHAVIOR
in range: behaviour in the crown effect AFTER LUNARDI (2008)

. 4 [,
Face of the tunnel Elastic Stability - A Stable Natural 14. CRISTINA TUNNEL, 1871:
— THE FAILURE OF THE CAVITY

IS PRECEDED BY THE FAILURE
OF THE CORE-FACE

> - N ) - B Stable in 1 .
O5= astoplastic Extrusion th?esnl:qon eviated FROM SANDSTROM (1963)
Advance core Failure Face failure _ C Unstable A Null
The fact that the collapse of the cavity is always preceded by the collapse of the face-
core system is not totally new. As shown in Figure 14, it was known back in 1871 in the
collapse of the Cristina Tunnel then re-excavated as shown in Figure 3. However, that
lesson was completely forgotten until Lunardire-discovered it in the 1970-80's.
Tt [ vt chanimpti
Fig 58. Failure of the heavy stone lining in the Cristina Tunnel
owing to the moving ground. To the left is shown the broken
lining, to the right a longitudinal section of the collapse.
FULVIO TONON
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15.NATM VS. ADECO
AFTER LUNARDI (2008)
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Take home (Figure 15):

» The ground behavior around the cavity and the convergence in the cavity at a given tun-
nel chainage X are controlled by the deformation and the behavior of the ground in the
tunnel core when excavating the tunnel at chainage X (what Rabcewicz did not under-
stand and could not do in 1960s).

» In difficult stress-strain conditions, counteracting convergence is not feasible. One
needs to control preconvergence and extrusion, i.e. the deformations in the core ahead of
the tunnel face (what Rabcewicz did not understand and could not do in 1960s).

» Sequential excavation extends the tunnel face even if the top heading is lined (same as
Rabcewicz “An auxiliary arch executed in the upper heading ... represents an intermedi-
ate construction stage, which is still subject to lateral deformation”) and increases the
volume of ground in the core that, by deforming, controls the behavior of the cavity (what
Rabcewicz did not understand).

» If the extent of the face and of the core must be minimized, one has to proceed full face
(same as Rabcewicz “tunnels should be driven full face whenever possible).

Analysis
of the deformation response of the ground

15a Control

NATM and derived methods

Inside the tunnel

of the deformation response of the ground

ADECO - RS NATM and derived methods

acting on the cavity only

Inside the tunnel and ahead of the face

Advance core

Confinement action only

Intervention

ADECO - RS
acting on the strength and
deformability of the core-face
and on the cavity

Preconfinement and confinement
action

Intervention

NN

A i A-A
A

Cavity preconfinement by means of
protection of the core-face

A A-A
Convergence Convergence - ttt t
ol ad
I+ + + 4 }
Extrusion A
Radiallrockibolts Cavity preconfinement by means of
. reinforcement of the core-face
. Steel ribs I
Convergence - Face extrusion Shotcrete :
- Preconvergence of the cavity Tunnel invert /
1
« Convergence of the cavity Closing the ring of cavity confinement
close to the face
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These results led Lunardi to the idea of engineering the core in order to use the core
as a stabilization method for the cavity, the same way as rockbolts, shotcrete and
steel sets are used to stabilize the cavity.

One of the most striking proofs of the centralrole of the core is given by the re-exca-
vation of tunnels that failed when the core was ignored: Figure 16 offers two of many
examples. The idea of engineering the core was implemented by developing new tech-
nologies, such as:

» Sub-horizontal jet-grouting (Campiolo tunnel, 1983).

» Pre-cut with full face excavation (Sibari-Cosenza railway line, 1985, evolution of the
pre-decoupage used in the top heading in the Lille Metro, France).

» Fiberglass reinforcement of the core as a construction technology to be used sys-
tematically in full-face tunnel advance (1985, high speed railway line between Flo-
rence and Rome), and not only as an ad-hoc means to overcome unpredicted tunneling
problems.

The ADECO is the culmination of these observations, experiments, and new technologies.
The new technologies introduced with the ADECO can thus only be understood and prop-
erly used within the context of the ADECO approach.

Full face sdvance via
engineering of tunnel core

Top-heading and bench Ground and overburden

with no angineering of are the same
tunnal core - o

TASSO TUNNEL (1988) (Rome-Florence railway line, Italy)

Silty sands and sandy 7 f',.;: < .

silts interlayered with
clayey partings with
saturated sand layers

H=60m
S,= 0.16 MPa
C’=0-0.02 MPa

¢ =28

VASTO TUNNEL (1991)  (Ancona-Bari railway line, Italy)
Silty clays and clayey
silts of medium to high
plasticity; impermeable;
highly swelling upon
wetting

H=50m
S,=0.15-0.4 MPa
C'=0-0.2 MPa
Q' =18°-20°
E = 50-500 MPa

o
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16. TUNNELS FAILED WHEN
THE CORE WAS NOT USED AS
A STABILIZATION METHOD
(LEFT-HAND SIDES OF FIGURE
15 A AND B); AND RE-
EXCAVATED BY USING THE
CORE AS ASTABILIZATION
MEASURE (RIGHT-HAND SIDES
OF FIGURE 15 AAND B)

FULVIO TONON
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ADECO APPROACH

The ADECO (Analysis of COntrolled DEformations) workflow is illustrated in Figure
17. In the Diagnosis Phase, the unlined/unreinforced tunnel is modeled in its in situ
state of stress with the aim of subdividing the entire alignment into the three
face/core behavior categories: A, B, and C: these depend on the stress-strain behav-
ior of the core (ground strength, deformability and permeability + in situ stress), not
only on the ground class. The site investigation must be detailed and informative
enough to carry out such quantitative analyses: this clearly defines what the investi-
gation should produce.

In the Therapy phase, the ground is engineered to control the deformations found in
the Diagnosis Phase. For tunnel category A, the ground remains in an elastic condition,
and one needs to worry about rock block stability (face and cavity) and rock bursts;
typically, rock bolts, shotcrete, steel sets and forepoling are used to this effect. In
categories B and C yielding occurs in the ground; an arch effect must be artificially
created ahead of the tunnel face (pre-confinement) when a large yielded zone forms
in category B, and in all cases in category C. By looking at the Mohr plane (Figure 18)
two courses of action clearly arise:

» Protecting the core by reducing the size of the Mohr circle: this can be achieved ei-
ther by providing confinement (increasing o) or by reducing the maximum principal
stress (reducing o).

» Reinforcing the core, thereby pushing up and tilting upwards the failure envelope.

The rightmost column in Figure 15 depicts the actual implementation of these two
ideas as pre-confinement actions. The third line of action consists of controlling the
convergence at the face by using the stiffness of the lining (preliminary or even final,
if needed), which may also longitudinally confine the core. It is only in this context that
the different technologies currently available and listed in Figure 19 take their ap-
propriate role. Notice that, at difference with the NATM, the ADECO embraces tun-
nels excavated with and without a tunnel boring machine.

Once the confinement and pre-confinement measures have been chosen, the cross-
section is composed both in the transverse and longitudinal directions, and then ana-
lyzed. In all cases, full face advance is specified in all stress-strain conditions, thus
fulfilling Rabcewicz’'s dream.

For each cross-section, displacement ranges are predicted in terms of convergence
and extrusion (Figure 20). Besides plans and specs, construction guidelines are also
produced during the design stage. The construction guidelines are used at the con-
struction site to make prompt decisions based on the displacement readings. If the
readings are in the middle of the predicted ranges, then the nominal cross-section in
the plans and specs is adopted; if reading values fall to the lower end of the predicted
displacement ranges, then the minimum quantities specified in the guidelines are
adopted for the stabilization measures (Figure 20). Likewise, if reading values are on
the upper end of the predicted displacement ranges, then the maximum quantities
specified in the guidelines are adopted.

o
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Characterisation of the medium
in terms of the rock and soil mechanics

Survey phase

' =
. . . . A o
Determination of the behaviour categories (A,B,C) :. £
Diagnosis phase based on the prediction of the stability of the core-face, B - ‘g
using mathematical means, in the absence of c
stabilisation intervention c 2
j a
(=
Deciding the preconfinement and/or confinement action 100 FL
Therapy phase
to exert T
in the context of the behaviour category (A,B,C) ang Mg 17. ADECO WORKFLOW
77777 AFTER LUNARDI (2008)
Selection of preconfinement and/or confinement ﬁ/ 18. MOHR-PLANE
intervention EXPLANATION OF
based on recent advances in technology APPROACHESTO
STABILIZE/STIFFEN
THE CORE

D

Composition of tunnels section type
(longitudinal and cross sections)

. 4 A

Design and test of the section types
in terms of convergence-confinement, extrusion-confinement
and extrusion-preconfinement Il)

AFTER LUNARDI (2008)

4

Implementation of stabilisation operations
in terms of preconfinement and/or confinement

Operational phase

WO
Monitoring the accuracy of predictions made I I I
Monitoring phase in the diagnosis and therapy phases
by interpreting deformation phenomena as the response @

of the medium to the advance of the tunnel

s
) 4

Perfecting the design
by adjusting the balance of intervention between the face and the cavity

W
Monitoring the safety of the tunnel when it is in service
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19.SUBDIVISION OF
STABILIZATION TOOLS
BASED ON THEIR ACTION AS
PRE-CONFINEMENT OR
CONFINEMENT

AFTER LUNARDI (2008)

20. DISPLACEMENT
PREDICTIONS AND DESIGN
GUIDELINES

AFTER LUNARDIET AL. (2008)
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Section Convergence Extrusion
Types s (cm) (cm)
A 2-3 Negligible
Monte
BO Modino 3-5 Negligible
Sandstones
BOV 5-10 <3
B2 8-12 <6
6-10 <5
2 Scaly
Clays
C2 y 10-14 <10
C6 8-12 <8
Section Intervention Variabilities
Types Minimum | Nominal | Maximum
Steel rib step 12m 1.0m 08m
No. FTG face 50 70 a0
c2 FTGface overl] 10.0m 12.0m 14.0m
Excavation 14.0 m 12.0m 10.0m
Invert-face (°) | < 2.00 <1.5@ <0.5@
Crownface | <300 | <500 | <7.02
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Finally, if the readings are outside the predicted displacement
ranges, the guidelines specify the new section to be adopted. In
this way, ADECO clearly distinguishes between design and con-
struction stages because no improvisation (design-as-you-go) is
adopted during construction.

Monitoring plays a major role in the ADECO, but with two main dif-
ferences with respect to the NATM:

» In categories B and C, not only convergence but also extrusionis
measured because the cause of instability is the deformation of
the core, and because stability of the core by pre-confinement ac-
tions is a necessary condition for the stability of the cavity.

» Monitoring is used to fine tune the design, not to improvise cav-
ity stabilization measures, so that construction time and cost can
be reliably predicted.

Tunnels are thus paid for how much they deform, which, unlike rock
mass classifications carried out at the face, is an objective meas-
ure void of any interpretation. In addition, rock mass classifica-
tions are inapplicable to soils and complex rock mass conditions
not included in classifications’ databases.

Experience in over 500 km of tunnels indicates that, when the
ADECO has been adopted and tunnels were paid for how much they
deformed, claims have decreased to a minimum.

o
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ADVANTAGES OF THE ADECO APPROACH OVER SEQUENTIAL EXCAVATION

AND NATM

» ADECO fulfills Rabcewicz's dream of advancing full face in all stress-strain conditions,

which allows risk, cost and construction time to be minimized.

» Tunnel construction is finally industrialized in all tunneling conditions because tunnel- 21. PRODUCTION DATA IN THE
ing advance is no longer subject to the ground but the ground is made what it needs to be BOLOGNE-FLORENCE HIGH-
in order to proceed as fast as possible. This is illustrated in Figure 21 and Figure 24, SPEED RAILWAY TUNNELS
where production rates are constant even in the most difficult stress-strain condi- AFTER LUNARDI (2008)

tions (highly squeezing, and squeezing and swelling, respectively). In Figure 24, com-

pare ADECO advance rates with sequential excavation rates, which are overall much

smaller and are not constant.

» Industrialization entails that cost and time can bereliably predicted at the design stage.

Figure 22 shows how predicted production rates were maintained during construction of

85 km of tunnels even under the most difficult stress-strain conditions (highly squeezing).

Notice that these advance rates refer to the finished 140 m? face tunnel (including final

lining), not top heading, or pilot drift. As stated in the introduction, NATM philosophy en-

tails designing the cavity support/reinforcement based on monitoring results, which

means that construction time and cost cannot be predicted.

» Constant production minimizes ground deformation, which minimizes squeezing and

thus the loading on the final lining, which becomes cheaper.
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ADVANCE RATES miday (140 m?2 ADVANCE RATES miday (140 m?
face, FINISHED TUNNEL) face, FINISHED TUNNEL)
PREDICTED ACTUAL PREDICTED ACTUAL
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RECONSTRUCTED AFTER LUNARDI ﬁ{lu\:——
(2008) i
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» By advancing full face under all conditions, large and powerful equipment can be used,
which means that a lot of work can be done in a short time. This reduces cost and con-
struction time.

» By concentrating all critical operations at the face, safety is greatly improved as op-
posed to sequential excavation, where many different (and critical, such as slashing the
bench) construction operations spread out along the tunnel length.

» By advancing full face and minimizing squeezing, settlements are minimized, which, for
example, is of paramount importance in urban area.

» Tunnels construction with and without a tunnel boring machine can be handled within
the same approach (Figure 23).

CURRENT TUNNELING STATE-OF-THE-PRACTICE IN THE US

The Devil's Slide tunnel (Figure 25) illustrated in Figure 26 is used here to exemplify the
current tunneling state-of-the-practice in the United States. The twin-bore road tunnel
located in a rural area south of San Francisco along Interstate 1 is 1,280 m long and is
designed to be accessible to bicyclists; each bore is 9 m feet wide and accommodates
one vehicle lane and shoulder.

The tunnel contract also includes: 11 cross linking passages and 3 underground equip-
ment rooms, day/night lighting system with brightness transition at each end, ventila-
tion provided by 16 3.5-ft-diameter jet fans in each bore, and a control room. In 2007,
the tunnel contract was awarded to the lowest bidder (Kiewit Pacific) for about $270 mil-
lion; this figure is about 10/20 times the cost of a comparable tunnel in Italy.

o
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24. TARTAGUILLE TUNNEL
CONSTRUCTION TIME
VERSUS GEOLOGY

AFTER LUNARDI (2008)
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As illustrated in Figure 27, the tubes are excavated top-heading and bench by using a“nose”

of ground to stabilize the face (Figure 28) in the top heading. It is evident that such a nose:

» Faithfully applies Rabcewicz's dictates in his first NATM paper (1965): compare Figure

28 and Figure 29.

» Cannot apply large pressures because it only relies on gravity.

» It only applies pressure to the central part of the face, rather than uni-

formly to the entire face.

» Does not act in the core, but just on the face (cavity), hence it cannot help

develop an arch effect ahead of the face and must be considered as a con-

finement measure (Figure 19), not as a preconfinement measure, and, as a
The Best Tunnel result, the tunnel has to be excavated by using sequential excavation (see

® Job in America! 0 Rabcewicz’s lacl‘< of understarlding of the importance of the core);‘

. e » Cannot be engineered and fine-tuned as opposed to the preconfinement
measures in Figure 19. For example: how can the contractor increase the
applied pressure if convergence (only parameter monitored at the Devil's

Slide) is greater than specified? Hence tunnel construction is not completely within the
25.DEVIL'S SLIDE TUNNEL designer’s control, and, as a consequence, construction schedule is not within the de-
PROJECT, CALIFORNIA, USA, signer’s control (see predicted vs. actual production rates below, Figure 22);

REPRESENTS THE VERY BEST : . . .

OF THE STATE-OF-PRACTICE » [t is a construction impairment because the roadheader used to excavate the tunnel is
IN THE UNITED STATES forced to move horizontally or in small vertical lifts, which defies the purpose of using a
AFTER CALTRANS WEBSITE roadheader with a horizontally rotating drum (maximum productivity is achieved by full
(WWW.DOT.CA.GOV/DIST4/DSLIDE). face excavation where the drumis moved vertically upwards and the upper ground is con-

ACCESSED 16 OCTOBER, 2009 .
stantly undermined).

"DEVIL'S SLIDE"

26.DEVIL'S SLIDE TUNNEL
PROJECT, CALIFORNIA, USA.
THE BRIDGE CONTRACT IS
SEPARATE FROM THE TUNNEL
CONTRACT

AFTER CALTRANS WEBSITE

(WWW.DOT.CA.GOV/DIST4/DSLIDE),
ACCESSED 16 OCTOBER, 2009
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According to CalTrans website: “Tunnel boring progresses from south to north using
excavation techniques that rely on inherent rock strength for support - known as the
New Austrian Tunneling Method. Both tunnels are bored at the same time, one tunnel
face approximately 60 yards ahead of the other. Staggering the bores reduces the like-
lthood of damage from blasting in alternate tunnels. The work schedule is 24 hours a
day, 7 days a week resulting in a 24-month timetable to break
through to the north portal”

In actuality, tunneling started on September 17%, 2007, and after
25 months (October 5™, 2009) progressed 2,684 ft (818 m) in the
top-heading of the North-bound tube, and 2,487 ft (758 m) in
the top-heading of the South-bound tube. Therefore, after 25
months, the top-heading of the North-bound tube was 62% com-
plete, and the top-heading of the South-bound tube was 54%
complete: compare this to the designer’s predicted construction
schedule of 24 months. This corresponds to an average advance
rate of 1.07 m/day in the meager 65 m? North-bound tube top
heading excavated in Class Il or Il according to Bieniawski in
rural area, where surface settlement control is of no concern.
Compare this advance rate for the top heading against the ad-
vance rates for 140 m? full face tunnel excavations constantly obtained with the ADECO
in Figure 22. Many claims have been filed with the owner (Caltrans).

OUTSTANDING ISSUES IN THE UNDERSTANDING

OF PRECONFINEMENT MEASURES

Preconfinement Limits Convergence

It is often maintained that preconfinement measures (Figure 19) do not change the
convergence curve of a tunnel (Pelizza and Peila 1993, Peila 1994, Peila et al. 1996,
Oreste et al. 2004). This is equivalent to saying that the convergence measured at a
large distance behind the tunnel face is not affected by the presence of preconfine-
ment measures. As a consequence, when preconfinement is used, higher loads are pre-
dicted on primary lining/support and final lining than in the absence of preconfinement.

o
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27.DEVILS SLIDE TUNNEL
PROJECT, CALIFORNIA, USA.
TOP HEADING AND BENCH
EXCAVATION

AFTER CALTRANS WEBSITE

(WWW.DOT.CA.GOV/DIST4/DSLIDE),
ACCESSED 16 OCTOBER, 2009

28.DEVIL'S SLIDE TUNNEL
PROJECT, CALIFORNIA, USA.
STABILIZATION OF THE TOP
HEADING FACE BY USING A
“NOSE” OF GROUND

AFTER CALTRANS WEBSITE

(WWW.DOT.CA.GOV/DIST4/DSLIDE),
ACCESSED 16 OCTOBER, 2009

29. RABCEWICZ'S
STABILIZATION OF THE TOP
HEADING FACE BY USING A
“NOSE” OF GROUND

AFTER RABCEWICZ (1965)
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It is thus believed that preconfinement leads to more expensive tunneling solutions.
However, Oreste’s and Peila’s (2000) 3D FEM elasto-plastic models in Figure 30 indi-
cate that fiberglass elements inserted in the core reduce not only preconvergence,
but also convergence in the cavity. The same conclusion is achieved from the analysis
of Figure 31b, where a lined tunnel is modeled with different
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densities of fiberglass reinforcement in the core: precon-

No. of elements/m2 finement by fiberglass reinforcement of the core effectively

o0 controls convergence and therefore core reinforcement does
G o change the convergence curve.

204 - Likewise, field evidence gathered in over 500 km of built tun-
208 nels indicates that substantial savings have been achieved in
008 the final lining when pre-confinement was adopted (Lunardi

2008). This contradictory evidence is currently being inves-
tigated by the author and his graduate students within the In-

30. CONVERGENCE VS.
DISTANCE TO TUNNEL FACE
FOR DIFFERENT DENSITIES OF
FIBERGLASS REINFORCEMENT
IN THE CORE

MODIFIED AFTER ORESTE AND PEILA
(2000)

31. EFFECT OF NUMBER OF
FIBERGLASS ELEMENTS IN
CORE ON: (A) EXTRUSION; (B)
CAVITY CONVERGENCE AND
PRECONVERGENCE.

MODIFIED AFTER BOLDINIET AL.
(2000)

FULVIO TONON

ternational Tunneling Consortium (ITC) that he established
at the University of Texas at Austin (www.caee.utexas.edu/prof/tonon/ITC.htm). The
objective of the International Tunneling Consortium (ITC) is to establish a collaboration
between academia and the industry to foster research and education in tunneling by
listening to the industry needs. The mission of the ITC is twofold:
» To carry out research on tunneling and underground construction as proposed by the
members;
» to educate the next generation of tunnel engineers.
Comparison of Figure 31aand Figure 31b confirms that thereis a 1-1 relationship be-
tween preconvergence and extrusion as already highlighted in Figure 9: as core rein-
forcement density increases, extrusion and preconvergence decrease together with
maximum effect up to 1 element/m?, beyond which small extrusion and preconver-
gence reductions are achieved for large increases in reinforcement density.
Finally, Figure 31b shows that convergence develops within only 1 m of the tunnel face,
and this confirms the need to carefully design the preconfinement-confinement tran-
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sitions in order not to waste the reduction in the preconvergence obtained with pre-
confinement ahead of the tunnel face as highlighted at the bottom of the rightmost
column in Figure 15b.

Ground Time-dependent Behavior

Until now, all analyses of tunnels with preconfinement have used elasto-plastic mod- 32.ITALIAN SCALY CLAYS: (A)
els (e.g., Pelizza and Peila 1993, Peila 1994, Peila et al. 1996, Wong et al. 2000, Oreste AXIAL STRAIN RATE VERSUS
et al. 2004, Marcher and Jitiény 2005, Serafeimidis et al. 2007, Serafeimidis and Anag- TIME FOR CREEPTESTS

nostou, 2007). An exception is the study by Bonini et al. (2009): the authors, after a AFTERBARLAETAL.(2004)
review of characterization and modeling of time-dependent behavior in rock, de-

scribed the mechanical behavior of the Italian scaly clays, a structurally complex Clay

Shale (CS) formation of the Apennines (Italy). Then, they identified
the key factors involved in the selection of the constitutive model
for CS and selected and discussed two constitutive models. Finally, _ —
they analyzed the Raticosa tunnel and compared the results of the ~=Sparvo SL=50%
models with the monitoring data in terms of radial convergence of i 7y "2221225532?,
the tunnel and extrusion of the tunnel face.

Although the study by Bonini et al. (2009) elucidates the applicabil-
ity of the constitutive models proposed, the interaction between
time-dependent ground behavior resulting in squeezing and/or
swelling conditions and preconfinement measures has never been in- 0.000001
vestigated in detail and currently the key geomechanical parameters
and engineering preconfinement measures governing this interaction
are not understood. Under these conditions, the author think