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Preface

The use of underground space and the construction of tunnels around the world faced visible 
transformations since WTC 1998 – the first held in Brazil. During this period of 16 years, new 
technologies, new materials and the intense use of shields of large capacity and power stepped in 
the construction of tunnels. besides, there was a notable technical improvement in the construction 
methods, conventional or not.
However, the most significant improvement was the public opinion’s awareness. More and more 
people came to understand and value the underground space for what it can offer concerning the 
improvement of the population’s quality of life. The benefits are even clearer in developing countries, 
such as brazil and the other latin american nations, which were for a long time fascinated for 
monumental surface structures. 
“Tunnels and Metropolises” was the theme of WTC 1998. now, in 2014, the theme is “Tunnels for a 
better life”. There is a subtle change of approach arising from the increasing social understanding 
of the importance of the underground works for the urban life around the world.
The focus on innovation, suggested by the organising Committee of the World Tunnel Congress 
2014, was widely accepted by many specialists who submitted their papers to the Scientific 
Committee. from all the accepted papers, 26% were about innovation. other 24% talked about 
planning and design and 12% focused on tunnels operation.
it is important to highlight the high technical quality of the papers, which were submitted to a strict 
group of reviewers within the Scientific Committee, and the authors’ effort to meet their demands. 
The results are presented in this WTC 2014 Proceedings, which we have the honour to present.
The organising Committee thanks the generous contribution of the reviewers and the interest of 
the authors to give the best of their work, talent and intelligence. The world will be a better place 
when the most inventive technical solutions created by man become reality. in this context, the 
underground solutions have great importance for making life better for humans in the 21st century. 
This volume proves this idea.

arsenio negro
Marlísio o. Cecílio Jr.

Tarcísio B. Celestino       Werner Bilfinger
Chairman of the Organizing Committee WTC 2014   Editors and Scientific Committee
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Automatic Monitoring System for Continuous Structural 
Assessment of Tunnels: Application Results and Insights

C. barbosa
FiberSensing, Porto, Portugal.

r. Malva
REFER, Lisboa, Portugal.

a. silva, G. Moretti, D. suzuki
Moretti Engenharia Consultiva, São Paulo, Brasil.

l. Gonçalves
EPOS, Lisboa, Portugal.

KEYWORDS: monitoring, fiber optics, alarms, data analysis

1 inTroDuCTion

on this article, the installation and operation in 
two different sites of an automatic system for 
continuous monitoring of tunnels is presented.

The system – sysTunnel - is an automatic 
tunnel monitoring system for continuous 
structural assessment of tunnels using only fiber 
optic sensors. it results from the joined work of 
fibersensing and ePos.

The sysTunnel consists on several strain 
and temperature sensors installed along the 
contour of the tunnel’s structure. The sensors 
are based on fiber bragg Grating (fbG) 
technology. Tunnel convergences are calculated 
using the MeMCoT method to estimate 
convergences which is most suited for tunnels 
in operation since it does not need the traffic to 
be interrupted to take measurements and has a 
marginal impact on the clearance gauge. 

The first example of application of the 
sysTunnel refers to the rossio Tunnel in 
lisbon. The rossio Tunnel is a centenary 
structure that was rehabilitated in early 2000’s 
for safety reasons. The system has been 
successfully operating since its installation in 
2008. The importance of the structure dictated 
the installation of a long term monitoring system. 
The automation and continuous data saving 
creates a large amount of data that needs to be 
checked and evaluated. The definition of alarms 
for emergency values or for regular evolution 
has been deeply studied. With data collected 
over the last 5 years, seasonal behavior of the 
structure has been identified and tendencies out 

of this behavior are the values that should be 
cautiously been look for. 

in a different approach the sysTunnel 
system was also installed by Moretti engenharia 
in a short length of one of the Metrô de são 
Paulo tunnel, in av. Paulista, for a limited 
period. an anchored diaphragm wall at a short 
11 m distance from the metro tunnel needed to 
be constructed for the erection of a tall building 
with several underground floors. The regular 
operation of the metro train while the excavation 
was taking place dictated the need for an 
intensive and redundant monitoring plan that 
would include a continuous remote system to 
control the structure’s behavior. it was the speed 
of deformation measured by the sysTunnel 
together with the conventional convergence 
measurements on the tunnel that allowed a 
proper and timing reaction to the effects of the 
excavation on the operating tunnel.

as a new application of the sysTunnel 
system the example of the baralt tunnel in 
Caracas, Venezuela is given.

2 ConClusion

The sysTunnel system is a reliable solution 
for different purposes on tunnel monitoring. 
The fact that the system is under remote and 
continuous operation makes it valuable in terms 
of alarm generation and decision support. The 
initial data analysis for alarm generation is 
crucial for taking the most out of this automated 
monitoring system.
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Soil pressures on both sides of the cutter wheel of an EPB-shield

a. bezuijen
Ghent University, Ghent, Belgium / Deltares, Delft, The Netherlands.

a.M. Talmon
Deltares / Delft University of Technology 3Me, Delft, The Netherlands.

1 inTroDuCTion

in mechanized tunneling it is essential to apply a 
face pressure to prevent excessive deformations 
or a collapse of the soil in front of the tunnel. The 
applied pressure is normally measured on the 
pressure bulk head. since the openings in the 
cutter wheel for an ePb are sometimes limited, 
see figure 1, it is possible that the pressure at 
the face differs from the pressure at the pressure 
bulk head. To measure the pressures at the 
tunnel face pressure gauges on the cutter wheel 
are needed. These pressure measurements 
are not very common. However, it appeared 
that such measurements were done during 
the construction of the botlek rail tunnel near 
rotterdam in the netherlands see also figure 1.

an example of the pressures measured is 
shown in figure 2.

2  ConClusions

for the tunneling conditions during the 
measurements (drilling in medium coarse 
saturated sand) there is no significant difference 
between the pressure measured at the cutter 
wheel and the pressures at the pressure bulk 
head. as in earlier research it was found that the 
pressures where higher at the part where the 
cutter wheel makes an upward movement and 
lower where it makes a downward movement. 
This leads to an asymmetric pressure distribution 
at the tunnel face.

figure 1. Cutter wheel of the botlek TbM with pressure 
gauges

figure 2. Pressures measured at the front (f) and back (b) of 
the cutter wheel.

KEYWORDS: EPB-shield, field measurements, saturated sand, foam, pressures tunnel face.
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Exploratory gallery of Radlice tunnel in Prague 

R. Chmelař
PUDIS a.s., Prague, Czech Republic.

A. Butovič
Satra, spol. s.r.o., Prague, Czech Republic.

M. Kolečkář
VIS a.s., Prague, Czech Republic.

1 inTroDuCTion

it is not possible to avoid one of the eternal 
questions, which invokes discussions of 
tunneling experts, who have debated this 
issue for many years. The question is – is the 
exploratory gallery a good solution or not? a 
number of considerations or summarizing papers 
has been written on this issue. The progress in 
the technology of tunnel driving using full-profile 
TbM tunneling machines creates an idea of the 
end of the necessity of the implementation of 
exploratory galleries. but it is not always so – 
see the example of Koralm tunnel. 

With the tunnels implemented by cyclical 
methods of driving (e.g. naTM), the issue of 
whether exploratory galleries are purposeful 
also always returns. This also applies in our 
case of radlice tunnel in Prague. The choice of 
a geotechnical survey in the form of exploratory 
gallery in the part of the tunnel where there 
is a very real risk of deep karst formations, 
there is already a number of expert reports 
and expert opinions, which recommend the 
exploratory gallery. At first, it must be said 
that in a complex geological environment of 
Prague with large urban tunnels (strahov tunnel 
Mrázovka, blanka) exploratory galleries were 
always built with a positive effect. The same 
development has been reported with tunnels of 
Prague outer ring (Lochkov tunnel, Komořany 
tunnel) but also with Dobrovského tunnel in 
brno. The implementation of the exploratory 
gallery, its benefits and necessity, must always 
be assessed individually. in our case of radlice 
tunnel this happened. 

 

2 ConClusion

The exploratory gallery of the radlice tunnel 
is due to the proven risk of watered and loose 
deep karst formations (which have been the 
cause of the “P” sewer collapse in 1981) an 
adequate method of the geotechnical research. 
Only sufficient research can provide the 
plausible basis for the subsequent design of the 
radlice tunnel. This tunnel, as an integral part 
of the radlická road radial interconnects the 
D5 motorway transport in the area of Zlíchov 
from Plzeň with the City ring road (illustratively 
shown in the visualization, see figure 9). The 
construction of the radlická radial road is 
currently very necessary for the Capital City of 
Prague

KeYWorDs: exploratory gallery, naTM, karst formations
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Geotechnical challenges during the execution of Bucharest 5th 
metro line

V. Ciugudean-Toma
S.C. Metroul S.A., Bucharest, Romania.

i. stefanescu
S.C. Metroul S.A., Bucharest, Romania.

1 General DaTa

The route of the future 5th metro line crosses 
bucharest city from West to east, sub-crossing 
the historical city center, crowded by old 
buildings significantly impacted by earthquakes 
in 1940, 1977, 1986 and 1990.

establishing the undergdound construction 
type and its depth compared to the surface 
of the ground is determined mainly by the 
architectonic and urbanistic characteristics of 
the proposed routes (the existance, the status 
and density of the constructions, the endowment 
and importance of town networks, the elements 
which are specific to the road reservation 
and the intensity of public circulation), by the 
geological, geotechnical and hydro geological 
conditions of the site. 

“The geotechnical challenges” caused by 
the complexity of the above elements test the 
knowledge of the designers of subway-related 
underground structures, which act in the field of 
geological engineering sciences, geotechnical 
sciences, buildings and construction equipment 
inclusively. 

in order to design the 5th metro’s underground 
buildings, detailed analysis regarding the 
following aspects were conducted:

-natural factors: the geological, hydro 
geological, geotechnical, seismic characteristics 
of the site; 

-anthropic factors, specific to urban 
areas: the existence of large underground 
constructions in the surroundings of the future 

metro works as urban networks (collectors, 
aqueducts), functional subway constructions; 
the location of subway works near old buildings 
(sensitive to possible vibrations caused by site 
activities, deviations from the urban networks 
etc.), starting from the Western area of the city, 
especially to the center; unknown factors of 
“bucharest once upon a Time”.

2 ConClusions

To solve these situations, the expertise and 
practical approach of the specialists in the 
„industry” of underground constructions was 
capitalized. 

The data obtained after finalizing the 
geotechnical evaluations allowed:

•	 The structural design of metro constructions 
in the imposed natural and anthropic condi-
tions of the land;

•	 Choosing the type of shield to realize tun-
nel excavations, whose performances were 
verified for the first time when starting the 
TbM in academia Militara station;

•	 Designing the proposed technologies in or-
der to ensure the stability of excavations and 
their surroundings in the areas identified as 
sensitive to the execution of premises and 
passing of the shields;

•	 The design of monitoring works of the struc-
tures under development and their sur-
roundings.

KeYWorDs: challenge, metro, tunnel, excavation, monitoring
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Risk Mitigation in Urban Infrastructure Projects

P. M. Mayer
ITC Engineering GmbH & Co. KG, Stuttgart, Germany.

M. Messing
VMT GmbH, Bruchsal, Germany

a.s. Corriols
ITC Engineering GmbH & Co. KG, Stuttgart, Germany.

n. rosenbusch
ITC Advanced Engineering Asia Pte. Ltd., Singapore.

KeYWorDs: risk, data management, software, iris, geomonitoring, urban, infrastructure.

1 inTroDuCTion

Complex infrastructure projects require 
continuous monitoring of project risks, reporting 
and evaluation of the project progress, 
and the service cost assessment as part of 
management duties. Web-based, modular and 
thereby project-related configurable technology 
platforms such as iris.tunnel offer real-time 
connection of so far autonomous systems such 
as document management, design and cost 
estimation data, and machine and site data.

figure 1. Geomonitoring Module of iris software for risk and 
data management of infrastructure projects.

The number of error-prone interfaces 
is reduced through the central display and 
control of the process chain – from geological 
investigations and support system definition, 
via machine control in connection with 
geomonitoring, and through segment production. 
additionally, tunnel driving interruptions due to 
for instance unfitting segments are prevented. if 

damage evaluation is required, segment feature 
information can be cross-referenced with tunnel 
driving and geology process data, providing a 
solid base for reaching conclusions.

2 ConClusion

Companies are increasingly faced with the 
challenge of integrating complex information 
Technologies (iT) in the construction process 
and to create the conditions for their use, such 
as fiber optic cables, sensor network, etc. 
The proportions of such systems to the total 
construction costs are relatively low while the 
benefits achieved for the overall project are 
continuously increasing. 

independent system-specialized providers 
such as surveying firms, groundwater 
management companies or geosensor 
companies are closely working together and 
taking advantage of the market in the usage of 
integrated software platforms such as iris that 
allow a holistic process controlling.

The focus moves from the supervision of a 
single TbM to the global monitoring of projects. 

even with the upgraded development of 
sophisticated information systems, adaptations 
of specific projects to continuously changing 
conditions must be considered. The necessary 
understanding of the complex relationships is 
essential for the successful installation of such 
systems. information systems in tunneling 
works do not replace to neither a specialist nor 
a tunnel engineer, but also give them necessary 
tools in order to handle high-risk project business 
successfully.
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Geological and Geotechnical Aspects of Line 4S RJ - Stretch 
Morro do Cantagalo-Gávea

D.G.G. oliveira12, C.C. Dias1, a.b. silva1 & f.M. Kuwajima13

1Infra7 Consulting and Engineering, 2São Paulo University & 3Technological Institute of Aeronautics (ITA), São 
Paulo, Brazil.
M.D. Monteiro
Independent, São Paulo, Brazil.
G.r. Cyrillo & J.C.D.D. Pierri
Consortium of Line4 South, Rio de Janeiro, Brazil.
a.r. Castro
Promon Engineering, Rio de Janeiro, Brazil.

KeYWorDs: rio de Janeiro Metro, geological-geotechnical aspects.

1 inTroDuCTion

The present paper introduces the main 
geological and geotechnical aspects of line 
4: stretch south from rio de Janeiro Metro 
system. Having as main reference more than 
250 boreholes, the present paper discusses and 
introduces the main aspects from geological 
units, as well as geological geotechnical cross 
sections developed to the detailed design. 

Table 1 presents the proposed units to line 4s.

Table1. Geological units proposed to 4s rJ - stretch Morro 
do Cantagalo-Gávea.

Unit Description

1 –Tecnogenic Deposits

1at Tecnogenic deposits - various materials.

2-Talus deposits

2Tad
Talus deposits and/or distal alluvial fans, 
consisting of the argillaceous mudstones and 
shales sandy. 

2Tap
Talus deposits and/or proximal alluvial fans, 
composed by sedimentary breccias, with clasts, 
in a sandy-clay matrix.

3 –Fluvio-Marine Coastal Deposits (Quaternary)

3agme
sandy to silty clay, greyish, soft to medium 
consistency.

3agri
sandy to silty clay, gray, medium to hard 
consistency.

3arco fine to medium grain size sand, compact.

3armc fine to medium grain size sand, very compact.

4 -Rio de JaneiroSuite-Pre-Sin-Colisonalsgranitic 
rocks (Neoproterozoic)

4sr1
Mature residual soil, from augen gneiss, 
moderately compact.

4sr2
Young residual soil, from augen gneiss, 
compact to very much compact.

4r*
augen gneiss, porphyritic texture, biotite, garnet 
and/or hornblende as accessories, slightly 
fractured, hard, not weathered.

β Dykes from leucodiabase / Diabase

5–São Fidelis Unit - Paraíba do Sul Complex
(Meso/Neoproterozoic)

5sr1
Mature residual soil, kinzigitic gneiss, 
micaceous, moderately compact

5sr2
Young residual soil, from kinzigitic gneiss, 
compact to very much compact

5r*

Kinzigitic gneiss, foliated structure, locally 
mylonitic structure, with significant presence 
of biotite, sillimanite and garnet, mainly 
weathered.

(*indicates the massif class)

2 ConClusion

The stretch Morro do Cantagalo – Gávea, of 
the line 4s from rio de Janeiro Metro system 
in inserted in the geological context of the 
Mantiqueira Province, were take place several 
events like deformation, metamorphism, 
magmatism and articulation of several terrains.

in the southern city of rio de Janeiro, 
geological units of ages ranging from 
Mesoproterozoic to the Quaternary can be 
found, with emphasis to the following units: 
Paraíba do sul Complex; rio de Janeiro 
suite (pre to syn-collisional granitic rocks); 
leucodiabase dike swarms; coastal sedimentary 
deposits, including deposits of gravity flows.

With the identification of geological units 
occurring in the study area, it was proposed a 
classification system for the line 4s.
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How to turn geological uncertainty into manageable risk?

T. Dickmann and D. Krueger
Amberg Technologies AG, Regensdorf, Switzerland.

1 inTroDuCTion

Due to the inherent uncertainties related to 
ground and groundwater conditions, there might 
be significant cost overrun and delay risks as 
well as environmental risks encouraging best 
practice of risk management procedure in 
tunneling. eventually, this encouraging progress 
may lead to some tunnel builders’ opinion that 
bearing the risk of loss and saving money by 
being uninsured might be a charming option. 

Very well then; the overall term “risk 
management” is widespread and in everyone’s 
lips in many fields of activity and expertise. 
Though, do we really sufficiently know about 
manageable risk?

The owner and contractor can make know 
their risk, because they can detect and quantify 
the geological hazard. unknown uncertainties 
should belong to the past and they become 

known uncertainties and in some cases even 
certainties. once a geological risk zone is 
identified, the contactor in agreement with the 
engineer is able to decide, what measures are 
to be taken. a reasonable and cost-effective 
way to tread is the application of 3D-Tunnel 
seismic Prediction on a regular base.

2 ConClusion

it is well proved that a sound knowledge on 
measurement uncertainties and the consistent 
way of a model-driven interpretation won’t pose 
hazards caused by a wrong understanding of cost 
savings. Generating and updating geological 
plausible models with means of continuous cost 
effective 3D-TsP applications during tunneling 
is the right way to turn geological uncertainty 
into manageable risk.

figure 1. 3D-TsP geological model highlighting fault and 
fracture zones in their environment of volcanic breccia.

figure 2. TsP expenses when applied on a regular base 
dependent on heading length and excavation method. 
expenses are based on time-related site costs. numbers in 
bars give TsP expenses in percentage of total heading days.

 
 

 

KeYWorDs: risk management, geological uncertainties, 3D-Tunnel seismic Prediction
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Satellite radar data to monitor tunneling-related surface 
displacements in sensitive urban areas

C. Giannico, a. Tamburini, s. Del Conte
TRE - Tele-Rilevamento Europa, Milan, Italy.

G. falorni, J.P. iannacone
TRE Canada, Vancouver, Canada.

KeYWorDs: Tunneling Monitoring, squeesar™, satellite, surface displacement

squeesar™ has been already applied 
in several projects related to underground 
tunneling (mainly TaV railway tunnels) and 
resulted to be a useful tool in all stages of a 
tunneling project, from design to construction 
and management. in this paper 3 case studies 
(rome, Milan, Vancouver) of metro lines 
tunneling monitoring with squeesar™ will be 
presented, in different urban context.

2 ConClusion

The technique has been applied for tunnelling 
projects in europe, Japan and north america. 
brasil is involved in new tunnelling projects (TaV 
rio de Janeiro-sao Paolo, Metro lines in sao 
Paolo and Rio de Janeiro) that could benefit of 
the advantages offered by radar satellite data.

figure 1. Milan: acceleration map [mm/year2] of measurement points identified from satellite

1 inTroDuCTion

satellite radar data have been used in recent 
decades to monitor ground displacements, 
thanks to a technique known as advanced 
satellite insar. The latest development of 
this technique is squeesar™, which allows 
the identification of ground points and their 
displacement in time with millimetric accuracy. 

The high density of measurement points 
coupled with the possibility to cover large areas 
(up to 10.000 km2) allows site characterization 
at a fraction of the cost of conventional surveys.

furthermore, squeesar™ data are 
complementary to in-situ measurements and 
does not require the installation of any ground 
instrumentation.
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Fuzzy Logic model for the estimation of the unconfined 
compressive strength of the Ituango gneis

J. D. Herrera
Integral S.A., Medellín, Colombia.

1 inTroDuCTion

Knowledge of the unconfined compressive 
strength of the rock is one of the key aspects for 
the comprehension of the rock mass behavior 
under certain stress state, which is requested for 
design tunnels and underground constructions. 
This paper shows the results of a fuzzy logic 
model developed to obtain an accurate enough 
result of the unconfined compressive strength.

The fuzzy logic as a mathematical way 
to represent vagueness in linguistics is a 
generalization of an ordinary set in that it allows 
the degree of membership for each element 
to range over the unit interval. The fuzzy 
system proposed have as input variables basic 
characteristics of the rock, such as: degree of 
alteration, foliation and grain size, which are 
interrelated through membership functions, that 
maps each element of the universe of discourse 
to its range.

for this case was used a set of more than 
seventy unconfined compressive strength 
test results, carried out for the gneiss of the 
ituango hydroelectric project in Colombia. The 
geological surroundings of the ituango project 
are conformed by gneis, which structure 
varies from schistosic to migmatitic; folded and 
with textural and mineralogic differentiations 
associated to the variability of the metamorphism 
and the heterogeneity of the original sediments. 
This characteristic reflects on the mechanical 
behavior of the rock, showing a wide range for 
the values unconfined compressive strength, 

becoming an ideal field to apply the results of 
the investigation.

2 ConClusion

The model developed shows the technical 
capability of fuzzy logic to solve geotechnical 
characterization, including quantitative variables 
easily identifiable in the field and adapted to the 
spatial variation of rock mass itself due to its 
origin and geological history.

from the analysis of the samples tested to 
estimate the unconfined compressive strength 
of the rock for ituango gneiss, it was possible 
to identify a number of physical variables that 
control the mechanical behavior of the rock, and 
from the development of the fuzzy logic model, it 
was possible to define an acceptable pattern of 
behavior for estimation of this parameter in the 
different conditions encountered within the project.

according to the results, it was evident 
the influence of the degree of weathering and 
foliation within the unconfined compressive 
strength of the intact rock. Grain size, but with a 
lower level of participation compared to the other 
two variables, was useful to adjust the different 
ranges of resistance to the distribution found in 
the results of laboratory tests.

KEYWORDS: fuzzy logic, gneiss, unconfined compressive strength.
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Development of a geological model for a base tunnel

G. Höfer-Öllinger, b. Millen
GEOCONSULT ZT GmbH, Wals bei Salzburg, Austria.

1 inTroDuCTion

The Pir Panjal railway Tunnel is located 
between banihal and Quasigund about 100 km 
south of srinagar in Kashmir region, india, at an 
elevation of ~1750 m a.s.l. it consists of ca. 11.0 
km of mined and about 250 m of cut and cover 
tunnel, reaching a total length of 11.25 km.

The hard rock geology of Pir Panjal tunnel 
is characterized by Paleozoic formations 
ranging from Triassic to lower Carboniferous 
and dominates about 10 km of the tunnel 
alignment. it includes andesite, basalt, quartzite, 
silicified limestone and agglomerates while 
the moderately hard rock types include shale, 
limestone, agglomeratic shale and tuff. at the 
portal sections in both north and south about 
1.2 km consists of Quaternary soils.

2 GeoloGiCal DesiGn of DeeP 
Tunnels

The necessary effort for establishment of 
a geological model for a deep tunnel is 
disproportionately higher than for a “normal” 
tunnel under comparable circumstances. The 
following list considers just some examples:

•	 The volume of ground to be considered is at 
a regional geological scale.

•	 The geological design approach starts at 
relatively small scales (e.g. 1:100.000). The 
scales for excavation and support design 
(≥ 1:1.000) can only be achieved in portal 

sections, by investigation tunnels and during 
construction.

•	 except at very low latitudes, mountain rang-
es are covered by snow in winter. Therefore 
field mapping campaigns are mostly distrib-
uted over more than one year.

•	 investigation programs have to be designed 
meticulously and well in advance. 

3 Pir PanJal railWaY Tunnel

During design and construction of the Pir 
Panjal railway Tunnel, geological works were 
performed as shown in Table 1.

Table 1. Geology and project stages.

Project stage Main investigations

Preliminary design

Desk study 
remote sensing study 
1st shallow boring campaign 
Geophysical investigations

Detail design

Geological mapping 
Hydrogeological mapping 
2nd shallow boring program 
start of deep drilling program

Tender design Deep drilling program
Construction design face mapping

The geological investigations of preliminary, 
detail and tender design lasted from 2003 to 
2005.

The tunnel went into operation in the summer 
of 2013.

KeYWorDs: deep tunnels, base tunnels, geological model, rock mass types, india.
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Theoretical Relationship between Q-system and Electrical 
Resistivity: Derivation and Field Application

C. H. Hong, T. M. oh, s. a. Jo, and G. C. Cho*

Korea Advanced Institute of Science and Technology (KAIST), Daejeon, Republic of Korea.

H. H. ryu
Korea Electric Power Research Institute, Daejeon, Republic of Korea.

1 inTroDuCTion

it is very important to identify the characteristics 
of rock masses for effective tunnel construction. 
site investigations are performed to determine 
the rock mass conditions. However, the 
rock characteristics obtained through site 
investigations contain macroscopic information 
which cannot reflect the rock mass properties of 
the specific region. Uncertainties in investigation 
of a rock mass can result in severe accidents 
during construction (Hasegawa et al., 1993; Cho 
et al., 1999; Kim et al., 2000). There have been 
various studies on the theories and methods 
that predict rock characteristics (bieniawski, 
1973; barton et al., 1974; Palmstrom, 1996; 
Hoek et al., 1998).

The Q-system (barton et al., 1974) is one of 
the most commonly used methods for estimating 
the characteristics of rock. The Q-system 
consists of six parameters: the rock quality 
designation (RQD), the joint set number (Jn), the 
joint roughness number (Jr), the joint alteration 
number (Ja), the joint water reduction number 
(Jw) and the stress reduction factor (SRF).

electrical resistivity is commonly used in site 
investigations for mapping faults, the depth of 
the bedrock, and fresh/salt water interfaces. 
Many researchers have studied the relationship 
between electrical resistivity and the rock 
classification method (Kwon et al, 2008; Lee 
et al., 2012). They considered RMR for a rock 
classification method. However, the Q-system is 
more accurate in determining support patterns 
than RMR.

in this study, the relationship between 
the electrical resistivity and the Q-system is 
obtained by means of a theoretical electric field 
analysis, and a probabilistic method is adopted 

for obtaining accurate results. field tests 
are performed for verifying the theoretic and 
probabilistic analysis.

2 ConClusion

The relationship between the Q-system and 
the electrical resistivity in a jointed rock mass 
was determined using an electrical resistivity 
equation. in addition, the relationship was 
analyzed by considering the probabilistic 
relationship of the conditions of the Q-system 
parameters. The Q-value increased as the 
electrical resistivity value of the rock mass 
increased but not linearly. The Q-value 
determined from field face mapping and derived 
from the electrical resistivity value measured in 
the field fit well. Thus, this method can be used in 
the field to estimate the Q-value as the electrical 
resistivity value of the rock mass increases.
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figure 1. relationship between the electrical resistivity and 
the Q-value based on field test data.

KeYWorDs: Q-system, electrical resistivity, rQD, Joint set, Joint roughness, Joint alteration
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Geotechnical Investigation and Risk Assessment at Budapest 
Metro Line 4

T. Horváth
GEOVIL LTD, Hungary, geovil@geovil.hu

1 inTroDuCTion

unexpected subsurface condition is primary 
cause of disputes and litigation arising from 
contracts for underground construction. The risk 
of unknown sub surface condition is a primary 
concern of contractors. More important, effective 
pre-construction contract investigation of the 
geotechnical condition is important, not only to 
locate risk but also reduce them with the help of 
monitoring and risk assessment meetings. 

The route proceeds at a relatively shallow 
depth, at a track-top level of 16-22 metres below 
the surface on average, increasing to a depth 
of 32-34 metres under the Danube, passing 
beneath an almost entirely built-up area and 
through extremely varied geological strata. 

a geotechnical risk analysis has been 
carried out due to the geotechnical investigation 
and was reported in the tender documentation, 
Geotechnical baseline report (Gbr)

using an appropriate volume of exploratory 
borings was one of the key factors in ensuring 
the successful and safe construction of section 
1 of budapest Metro line 4, like in any other 
tunnel construction project. 

in the case of tunnels built in shallow and 
soft ground, in an urban environment, one of 
the indices characteristic of the costs/volume 
of site investigation is the ratio between the 
boring lengths and the tunnel lengths (Knights 

1986, Parker 2004, 2005, and iTa/aiTes 2004, 
Horváth, 2006). according to recommendations, 
this ratio should be between 1.2 and 2.0. using 
this simple ratio as the basis for investigations 
seems to be a bravery for the first thought, 
but there were numerous examples to support 
the applicability of this ratio as an initial and 
minimum condition for a safe and cost-effective 
tunnel construction see the (figure 1) below.

figure 1. length of boring versus length of tunnel

for the cynics who believe in the laws of 
diminishing return for the site investigation of 
underground projects there is a new fact and 
example that attempts to quantify the benefits. 
similarly for those whose yard stick is that site 
investigations rate should be reduced – trusting 
in the technology- please read it. 
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Estimation of Rock Mass Rating (RMR) for TBM using 
Electrical Resistivity
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Korea Advanced Institute of Science and Technology, Daejeon, Republic of Korea.

H. H. ryu
Korea Electric Power Research Institute, Daejeon, Republic of Korea

K. i. song
INHA University, Incheon, Republic of Korea

1 inTroDuCTion

Tunnel excavation using TbMs has many 
advantages but the TbM method also has some 
limitations that generate construction delays 
and increased costs, when the TbM runs into 
problematic sections of ground. 

Therefore, it is important to keep the 
TbM system safe in the event of unexpected 
tunnel-ahead ground conditions. To achieve 
this, a tunnel-ahead prediction system based 
on the TbM is needed, to reduce the risk 
of tunnel accidents caused by unexpected, 
anomalous ground conditions and fault zones. 
The conventional tools used for tunnel-ahead 
prediction are limited and rarely installed on 
the TbM and so we consider here how the 
disc cutters might be used as monitoring 
sensors. factors affecting its effectiveness are 
considered, to verify that disc cutters can be 
used for sensors.  

in addition, miniature models of disc cutters 
have been made, based on those effective 
factors, and experimental tests were performed 
to verify the disc cutter sensor system. Then 
ground condition prediction tests were performed 
with the geophysical prospecting system, which 
can theoretically predict the tunnel-ahead 
ground conditions, and a specialized data 
analysis program. 

The combination of the suggested monitoring 
method with the TbM method can help reduce 
tunneling hold-ups and stoppages, and improve 
the applicability of the TbM method for unstable 
ground conditions.

figure 1. Conceptual design of the geophysical prospecting 
system.

2 ConClusion

We considered the effective factors for achieving 
a disc cutter sensor system and produced 
miniature models of a disc cutter, considering 
the above factors. Then, laboratory tests were 
performed to evaluate the electrical conductivity 
of the real disc cutter and its components. 
Variations of electrical resistance induced by 
ground contact areas were measured by using 
miniatures of the disc cutter system, and were 
also discussed. The accuracy of a specialized 
program for predicting the rock mass condition 
(RMR) was evaluated and verified by comparing 
the results of actual tunnel face mapping and 
the data analysis. Data analysis results have 
shown that this program accurately predicts the 
tunnel face’s rMr values with more than 80% 
accuracy. 

KeYWorDs: TbM, electrical resistivity, geophysical monitoring method, disc cutter sensor system  
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Independent peer review process regarding stability and 
serviceability during planning, design and construction of 
underground structures

r. Katzenbach, s. leppla
Technische Universität Darmstadt, Institute and Laboratory of Geotechnics, Germany

1 inTroDuCTion

The increasing size and population density of 
metropolitan areas and the along going traffic 
demands lead to the construction of large 
infrastructure projects. The construction of new 
underground structures has an influence on 
existing superstructures and the deconstruction 
of existing buildings has an influence on existing 
underground structures. To guarantee the 
stability and the serviceability of underground 
structures and the influenced neighbouring 
buildings independent peer review processes 
during planning, design and construction are 
necessary. The independent peer review is 
based on the 4-eye-principle and helps to 
avoid time delay in the construction process, 
modifications of the construction, additional 
expenditure and in extreme cases even 
damages and accidents. The paper focuses on 
the application at challenging tunnel projects in 
urban areas.

The first example from engineering practice 
is the construction of the high-speed railway 
tunnel in barcelona. for the construction a 
tunnel boring machine (TbM) is used. The 
tunnel construction passes two World Heritage 
Properties, the sagrada familia and the Casa 
Milà, very close by (figure 1).

The second example from engineering 
practice is the deconstruction of a high-rise 
building, located directly on an underground 
station of an urban metro system in frankfurt am 
Main, Germany. The uplift of the underground 
structures due to the unloading is in the range 
of several centimetres. it had to be guaranteed 
that the structure does not float up due to the 

groundwater pressure and the sealing is not 
damaged due to the occurring deformations.

figure 1. Tunnel constructions close to World Heritage 
Properties in barcelona.

2 ConClusion

The independent peer review guaranteed in 
the presented projects the stability and the 
serviceability of all influenced structures by 
avoiding mistakes and damages. The investors 
saved material, money and time in a significant 
amount.

KeYWorDs: safety, stability, serviceability, 4-eye-principle, peer review.
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Real-time process controlling of TBM production
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J. stascheit
MTC Maidl Tunnelconsultants, Duisburg, Germany.

1 ProCess ConTrollinG 

shield tunneling is characterized by a degree of 
mechanization that is usually uncommon in the 
construction sector. The construction process is 
governed by the shield machine with its manifold 
technical devices that need to be carefully 
controlled to achieve an optimal performance. 
Taking advantage of the high degree of 
mechanization, tunnel boring machines (TbMs) 
are equipped with a large amount of sensors 
that provide the opportunity to evaluate, 
optimize and control the construction process at 
any time.

along with automatically acquired machine 
data (200 to 1000 sensor readings every 2 to 
10 seconds), a large number of heterogeneous 
external data sources exists from geodetic 
monitoring via geotechnical information to 
maintenance and shift reports that are closely 
related to the excavation works. These external 
data are increasingly often available in terms 
of computer-readable information rather than 
being captured manually and allow for integrated 
storage and evaluation.

in this software, all project information is 
shown along with the actual process data such 
that the maximum advantage is taken from the 
available data. The knowledge acquired from 
the project is transferred to all participants of 
the project worldwide and in real-time. This way, 
critical situations can be recognized timely and 
preventive measures can be taken immediately

fig. 1 shows the typical types of information 
that can be stored in and analyzed by the 

software. A specific feature of the PROCON II 
database is the capability to handle real-time 
data. in a special mode of the visualization client 
of ProCon ii, it is possible to monitor the data 
on-the-fly such that the supervising engineer 
obtains online access not only to machine data 
but also to preconfigured analyses (e.g. target/
actual analysis) in real-time.

 
 

 

figure 1. ProCon ii database and data types

The computer-based data management 
system enables to electronically analyze the 
construction process. negative target-actual 
deviations will be detected and alarms will be 
sent at a very early stage such that counter 
measures can be immediately taken. The 
assessment of the key interactions between 
TbM and ground reduces the risks and helps 
optimizing all processes.

KeYWorDs: Mechanized tunneling, process controlling, Performance analysis.
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Monitoring the Variation of Rotor Pressing Forces and 
Horizontal Soft Soil Pressure during Shield Tunneling

s. V. Mazein 
Executive management of Russian Tunneling Association, Moscow, Russia.

a. s. Voznesensky
Moscow State Mining University, Moscow, Russia.

1 inTroDuCTion

figure 1 gives the results of measuring the 
rotor pressing forces N at driving one tunnel in 
Moscow. The different soil regions together with 
the plots of cohesion С and force Н1 of the rock 
overlaying depending on the tunnel length L. To 
make the main component of changing N clear, 
a spectral analysis was conducted. for the loam 
section, the interval with 2mm-long advance of 
the shield was selected. 

figure 1. Plots N, С, Н1 versus the driving length L.

figure 2 shows the spectra smoothed by 
the sliding median over three points (a) for 
clearer determination of the spectral maxima. 
Three maxima, which are most significant with 
respect to amplitude, were detected at the 
frequencies of 2.8·10–4, 1.4·10–4, and 7·10–4 1/
mm corresponding to the variation periods 3.6 
m (1a), 7.1 m (2a), and 14.3 m (3a). a spectrum 
of the simulated horizontal load in the face, 
which is determined as the product of averaged 

horizontal stresses and the rotor’s area, was 
obtained to check it with the in-situ data. in figure 
2, b presents this spectrum. Three main maxima 
correspond to the periods of 3.1 m (1b), 5.6 m 
(2b), and 11.1 m (3b). The period of the most 
significant amplitude maximum (3b) conforms 
to the maximum value of horizontal distances 
between the slip planes under formation. The 
simulation data are close to the frequencies and 
periods of spectral maxima derived from the 
observed pressing forces.

figure 2. The relationship between the spectral amplitudes 
and the spatial frequency 

2 ConClusion

it was shown that the pressing force in the rotor 
of driven shield is changed in a quasi-periodic 
mode during driving in loam. The quasi-periodic 
hypothesis is proved by the correlation between 
the real and simulation spectral characteristics 
of the horizontal rotor forces. The prediction 
of changes in horizontal pressure component 
of the rotor of driven shield can be used for 
calculating the compensating.

KeYWorDs: tunnel shield, slip plane, horizontal stress, numerical simulation, zonal disintegration.
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Geological and geotechnical surveys in tectonically active rock 
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ELSAMEX, Portugal.
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1 inTroDuCTion

The Kiratpur – ner Chowk section of nH-21 Project 
comprises 5 two lane tunnels, being this paper 
referring to Tunnel 1. This tunnel will have 1.836 m 
in length and, in order to respond to the international 
recommendations for emergency situations, it is 
also planned an escape tunnel, which will develop 
in parallel to the main tunnel gallery and connects 
to it by several linking galleries.

The aim of this paper is to present the criteria 
that led to the definition of the Geotechnical 
investigations to carry out, analyse its results and 
establish a correlation between the results of the 
geotechnical investigations and the geomechanical 
parameters, considered in the calculations, which 
allowed the design of the tunnel.

for the development of the Tunnel 1 design, 
a geotechnical investigation program was 
carried out with the purpose of deciphering the 
subsurface strata of the tunnel. This programme 
included 5 boreholes, 10 seismic refraction 
profiles, Lugeon permeability tests and several 
laboratory tests.

2 GeoTeCHniCal ZoninG

based in the “rock Mass behaviour Types” 
three Geotechnical Zones were defined, which 
will allow estimating the type of support to install 
and to define the method according to which the 
tunnel is going to be excavated. 

After this definition it was established a 
correlation between the three Geotechnical 
Zones and the support Classes, based in 
onorM b 2203. in table 1 it is presented the 
support classes considered in the design and its 
characteristics.

Table 1. Correlation between support Classes and 
Geotechnical Zones.

0 

50 

100 

150 

0 50 100 150 

U
C

S 
Fu

zz
y 

M
od

el
 (M

Pa
) 

UCS Tests results (MPa) 
Ideal +10 MPa - 10 MPa 

0 

50 

100 

150 

0 50 100 150 

U
C

S 
Fu

zz
y 

M
od

el
 (M

Pa
) 

UCS Tests results (MPa) 
Ideal +10 MPa - 10 MPa 

0 

50 

100 

150 

0 50 100 150 

U
C

S 
Fu

zz
y 

M
od

el
 (M

Pa
) 

UCS Tests results (MPa) 
Ideal +10 MPa - 10 MPa 

 

Geotechnical 
Zone (ZG)

Rock Mass Behaviour 
Type (RMBT)

Support Class (ONORM 
B 2203)

A1 Stable

A2 Slightly Overbreaking

B1 Friable

B2 Very Friable

C1 Squeezing

C2 Heavily Squeezing

RMBT 8/11 L Loose Ground

RMBT 5/11

RMBT 3/2

RMBT 3/1ZG1

ZG2

ZG3

3 ConClusion

The estimated Geomechanical Parameters 
(Table 2) of rock Mass, used in the design 
calculations, were based on the geotechnical 
investigations, laboratory tests and the rMr.

Table 2. Geomechanical Parameters.

The parameters presented above, calibrated 
using the Hoek-brown failure criterion, are the 
result of the interpretation of laboratory tests, in 
consonance with the RMR classification, taking 
always in to account the performed geotechnical 
investigations. These parameters will be 
continuously calibrated with the advancement 
of the excavation of the tunnel.

KEYWORDS: Geological survey, RMR classification, geomechanical parameters
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Uncertainty of geotechnical conditions – a case study of metro 
tunnel construction underneath the existing road tunnel

M. Mitew-Czajewska
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Institute of Roads and Bridges Warsaw University of Technology, Warsaw, Poland.

1 inTroDuCTion

The case study described in the paper is a 
construction of metro tunnel underneath the 
existing two-aisle road tunnel with three traffic 
lanes in each direction, located in Warsaw close 
to the Vistula river. Due to the vicinity of river 
and Warsaw slope, geotechnical conditions of 
the site are very complex (various, intermixed 
soft Quaternary soils and high water pressure).

The conventional method (naTM) was 
chosen for the construction of the metro tunnel 
below the road tunnel.

in general, soil conditions at the construction 
site are as follows: 

•	 5-10 m thick anthropogenic soils,
•	 4 – 10 m medium to coarse sands,
•	 Quaternary Pliocene clays, with lenses of 

silty or fine sands and sandy silts. 

basic geotechnical campaigns for the 
metro investment, took place before the tender 
design stage. at that stage it was stated that 
top level of Pliocene clays is more or less 
horizontal at a depth of 8 – 14 m below the 
ground surface (locally at 18 m b.g.s.). The 
additional investigation campaign, performed 
during construction, proved that the general soil 
arrangement and mechanical properties of soils 
were defined correctly. The great difference 
occurred in the levelling of top boundary of 
Pliocene clays layer. in the original report, in 
the area under the existing road tunnel, small, 
local erosion notch in the Pliocene clays layer 
was noted filled with fine, watered sand. In the 
complementary investigation this sandy notch 

was found to be much deeper, reaching deep 
inside into the metro tunnel cross-section. 
Comparison of the elevations of the erosion 
notch according to the basic and complementary 
geotechnical campaigns is shown in the table 1.

Table 1. Comparision of the erosion notch elevations.

northern tunnel southern tunnel
original geotechnical 
report

8.50 6.20

additional soil 
investigation

11.00 12.70

*all values given in m below the “0” level of the river

2 ConClusion

Conventional method (naTM) within the 
umbrella of jet-grouting columns was chosen 
for the construction of metro tunnel, basing on 
the results of primary soil investigation made 
in the first stage of investment process, i.e. 
building permit and tender design stages. in the 
subsequent investment stages – technical design 
and during construction, complementary soil 
investigations were performed and the results 
occurred to differ significantly. Locally, instead 
of stiff Pliocene clays deep pockets of loose fine 
and silty sands carrying water under pressure 
were found. That caused substantial problems 
in the construction process of the metro tunnel 
and lead to significant changes in the execution 
procedures. additional fast soil freezing using 
fluid nitrogen was designed and will be applied 
before and during the excavation of metro tunnels 
in the area below the road tunnel.

KeYWorDs: geotechnical investigation, geotechnical conditions, soil testing, tunnels
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1 inTroDuCTion

The evaluation of ground movements related 
to excavations in urban areas is very important 
and requires careful precaution. 

Prior to excavation, the magnitude and 
distribution of the ground surface movements 
should be evaluated in order to assess their 
impacts on adjacent structures. The finite 
element method is usually used to predict 
ground movements due to an excavation with 
reasonable accuracy provided that appropriate 
numerical model and realistic soil parameters 
are used, and detailed construction techniques 
and sequences are well simulated.

in this paper, a numerical analysis is 
conducted to evaluate the ground movements 
associated with the excavation of a metro station 
in algiers city using three models namely, the 
Mohr Coulomb model (MC), the hardening soil 
model (Hs) and the hardening soil model with 
small-strain stiffness (Hss).

The results show that the Hss model agree 
fairly well with the measured wall deflection 
profile in qualitative terms and this model 
produces the smallest displacements compared 
to other models.

for the ground surface settlement, the 
shape of the settlement profiles obtained from 
Hs and Hss models are as expected, whereas 
the MC model predicts different shape of the 
settlement profile showing unrealistic heave 
just behind the wall. furthermore, for the case 
of Hss model, the settlement behind the wall 
extends to a distance of about 2.5H (H is the 

excavation depth) from the wall which is in good 
agreement with the results presented by many 
researchers such as Peck (1969) and Clough. 
and o’rourke (1990). However, the settlement 
trough width predicted by Hs model and in 
particular MC model is too wide.

2 ConClusion

The lateral support system for the excavation 
was very successful in controlling lateral wall 
movements. Monitoring data indicated that the 
lateral movement of the wall and the settlement 
behind the wall are very small (maximum 
recorded wall deflection was 12mm and 
maximum surface settlement measured on the 
building adjacent to the excavation is 6mm). 
The Hss model seems to give more reasonable 
results of ground movements than the other 
models.

KeYWorDs: Deep excavation, ground movement, monitoring data, soil structure interaction
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1 inTroDuCTion

roof bolting for ground support applications 
has been widely used due to the relatively 
easy installation and high anchorage capacity. 
However, an efficient installation of rock bolts is 
highly dependent on correct identification of the 
geological conditions, including discontinuities 
because they tend to vary, even within a short 
distance (Gu, 2003). However, there is often 
limited information about the surrounding rock 
and the exploration borehole measures are 
few and far in between. Typically no one is 
allowed to venture into unsupported areas, thus 
the amount of information is naturally limited 
to mapping in the bolted/supported areas and 
to the activities that can be performed in short 
period of time.  The application of MDW for roof 
characterizations has been recently attracted 
many researchers in which roof bolt drilling 
systems collect additional information such 
as torque, thrust and penetration rate which 
can be used for  estimating the rock strength 
and evaluating rock mass conditions.  This 
information will be utilized for mapping of the 
roof, producing a hazard map, and 3D data 
visualization. Moreover, the information can 
potentially be utilized to evaluate the suitability 
of the applied ground support for a given 
section. in a recent study, it has been shown 
that vibration and acoustic measurements along 
with signal processing tools can also be used to 
improve the accuracy of the void detection and 

rock characterization algorithms (bahrampour 
et al., 2013). 

However, further developments of the 
measurement while drilling systems is 
dependent on extensive field tests and how fast 
and accurate the properties of rock mass inside 
the drilled boreholes can be analyzed. borehole 
logging is an effective way to address this issue. 
unlike the previous studies that most of the 
logging runs are done in down-hole boreholes, 
in this project it is needed to log the upward, 
slim roof bolt holes which are necessarily dry 
and typically about 1 inch in diameter. so far, 
application of the oPTV produced by DMT 
GmbH & Co. KG with some minor modification 
will satisfy the needs of the project for analysis 
of the discontinuities. However, estimation of 
the rock mass strength is a more sophisticated 
issue. estimation of rock strength by making a 
scratch on its surface showed to be a relatively 
accurate approach. 

2 ConClusion

borehole logging can be an advantageous 
approach to measure the properties of the rock 
mass drilled by the instrumented roof bolter. 
This in-situ information will be used for further 
development and training of roof bolter device. 
estimation of rock mass strength is the logistic 
issue that should be solved in order to pave the 
way to achieve this aim. it will also be tried to 
improve the 3D visualization of data.

KeYWorDs: instrumented roof bolter, borehole logging, Void detection, rock strength estimation.
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Gaussian Filters for Effective Back Analysis of Soil Parameters 
using Tunneling-induced Deformations
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1 inTroDuCTion

This work shows that Gaussian filters can be 
applied very effectively to back analysis of the 
geomaterial parameters using information from 
tunneling-induced deformations. We examine 
and compare the performance obtained from 
the extended Kalman filter (EKF) the unscented 
Kalman filter (UKF). The effectiveness of 
the set of Gaussian filters for back analysis 
is demonstrated through the application for 
identifying the constitutive parameters of 
the Hardening soil model in the context of 
mechanized tunneling. Both filters belong to the 
class Gaussian filter as all statistical quantities 
considered are of Gaussian distribution. 

Identified parameters are shown in Table 
1 for noise-free and noise-contaminated 
observation data. as can be seen, the results 
are very accurate if observation data are free 
of noise. in case of noisy observation data, 
cohesion c is underestimated by a great amount.

Table 1. Identified parameters.

Parameter True noise-free
noise-
contaminated

Gur [kn/m2] 41666 ~41666 ~41000
E50 [kn/m2] 35000 ~35000 ~37000
φ [°] 35 ~35 ~34.8
c [kn/m2] 10 ~10 ~5.2

To examine the outcomes of the noise-
free and noise-contaminated observations, 
the results of fe analyses with the two sets of 
parameters are plotted in figure 1. interestingly, 

responses of the two fe analyses are very much 
the same. This manifests that result of inverse 
problem is highly sensitive to uncertainty level in 
the measurements.

 

Figure 1. FE analyses using the identified parameters sets.

2 ConClusion

few number of forward calculations, utilization 
of noisy information in terms of Gaussian 
covariance matrices, and continuous updating 
of model parameters when new settlement 
measurements become available are the 
advantageous features of the two Gaussian 
filters proposed to be applied to back analysis 
in tunneling.

KEYWORDS: Gaussian filter, back analysis, finite element analysis, mechanized tunneling
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1 inTroDuCTion

Recently, damages to tunnel linings or floor 
heaving have been reported due to continuous 
displacements of grounds. since there is no 
diagnostic method for these long-term ground 
deformations, a technical approach to evaluate 
health of ground is needed. a diagnostic 
method is required that uses a standard index 
to evaluate the ground condition continuously. 
This paper details several cases of applying 
seismic exploration techniques to tunnels under 
construction. 

(1)Seismic reflection survey
The authors have previously developed a 

seismic reflection survey called SSRT (Shallow 
Seismic Reflection survey for Tunnels) that 
can use a non-explosive seismic source such 
as hydraulic impactor or vibrator source. ssrT 
is a seismic reflection method based on VSP 
(Vertical Seismic Profiling) that has been 
developed to predict the ground conditions 
ahead of the tunnel face. There have been 
many applications of ssrT – from hard rock 
tunnels to soft rock tunnels.

(2)seismic refraction survey
The authors implemented a seismic 

refraction survey using the source of hydraulic 
impactor for a 600m-long tunnel. The target was 
the section in which a huge deformation had 
occurred. The results revealed that the lower 
ground elastic velocity zone is deeper in the 
deformed section.

(3)seismic exploration for completed tunnel
The authors undertook seismic exploration 

using mechanical sources both before and 
after completion of the tunnel lining and paving. 

figure 1 shows the comparison of wave 
profiles before and after finishing the tunnel 
lining and paving. The wave profiles after lining 
and paving did not correspond exactly to the 
result before. although the exploration works 
using mechanical sources were effective in 
avoiding damage to the newly completed tunnel 
structure, it was suggested that securing the 
reproducibility is required in order to apply the 
seismic exploration repeatedly.

Figure 1. Wave profiles before and after finishing tunnel lining 
and paving.

2 ConClusion

seismic exploration is effective in evaluating 
the ground health repeatedly through to the 
maintenance stage against a standard index.

it is necessary to ensure reproducibility 
to evaluate the results of seismic exploration 
repeatedly.

KEYWORDS: seismic reflection survey, seismic refraction survey, tunnel maintenance.Introduction
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A new approach for estimating of settlement curve for twin 
tunnels
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1 inTroDuCTion

independent of the excavation method, the 
interaction of surface settlement of twin tunnels 
should be examined and remedial precautions 
against any damage to existing structures 
planned prior to construction. because, tunneling 
cost and project time substantially increases due 
to damages to structures resulting from surface 
settlements which are above tolerable limits 
(ocak, 2013). in otogar-Kirazli metro project 
which is the research subject of this paper, with 
ePbM excavation in shallow depths and soft 
grounds, the damage done to the environment 
prolonged project costs up to 15.8% and project 
schedule to 29.3% (ocak, 2009b). 

in the paper, to estimating of transverse 
settlement curve of twin tunnels, a new equation 
is proposed by Peck 1969 is modified by 
multiplying with a disturbance factor (k). This 
disturbance factor increases with increasing 
of tunnel diameter (D) and lateral distance (d) 
between the two tunnels center-lines. in twin 
tunnel excavation, each tunnel deformations 
affect both maximum short-term settlement 
(smax) and inflection point of settlement (i). 
formula of disturbance factor (k) is as below;

D
k=1+

d

Modified i and theoretical settlement curve 
(s) of twin tunnel is as below;

0 0

D
i = k K Z 1+ K Z

d
 ⋅ ⋅ = ⋅ ⋅  

2 2

2 2

x (x-d)
- -
2 i 2 i

max

D
S = S e + 1+ e

d

   
      ⋅ ⋅   

   ⋅ ⋅    

The transverse surface settlement curve 
values obtained from the new equation have 
good agreement with the actual results for 
otogar-Kirazli metro case study driven by ePbM 
as seen below figure.
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1 INTRODUCTION 

Independent of the excavation method, the 
interaction of surface settlement of twin tunnels 
should be examined and remedial precautions 
against any damage to existing structures 
planned prior to construction. Because, 
tunneling cost and project time substantially 
increases due to damages to structures resulting 
from surface settlements which are above 
tolerable limits (Ocak, 2013). In Otogar-Kirazli 
metro project which is the research subject of 
this paper, with EPBM excavation in shallow 
depths and soft grounds, the damage done to the 
environment prolonged project costs up to 
15.8% and project schedule to 29.3% (Ocak, 
2009b).  

In the paper, to estimating of transverse 
settlement curve of twin tunnels, a new equation 
is proposed by Peck 1969 is modified by 
multiplying with a disturbance factor (k). This 
disturbance factor increases with increasing of 
tunnel diameter (D) and lateral distance (d) 
between the two tunnels center-lines. In twin 
tunnel excavation, each tunnel deformations 
affect both maximum short-term settlement 
(Smax) and inflection point of settlement (i). 
Formula of disturbance factor (k) is as below; 

Dk=1+
d

 

Modified i and theoretical settlement curve (S) 
of twin tunnel is as below; 

0 0
Di = k K Z 1+ K Z
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The transverse surface settlement curve 
values obtained from the new equation have 
good agreement with the actual results for 
Otogar-Kirazli metro case study driven by 
EPBM as seen below Figure. 
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Figure 1. Interaction of surface settlements and transverse 

settlements curve of section 4. 

2 CONCLUSION 

The following conclusions were obtained a) 
Transverse surface settlement curve mostly 
inclined to second tunnel. b) Considering field 
monitoring results, it is obtained relationship for 
estimating the twin tunnel transverse surface 
settlement curve with modification of Peck 
1969 and O'Reilly and New, 1982. 

A new approach for estimating of settlement curve for twin tunnels 

I. Ocak 
Istanbul University, Mining Engineering Department, Avcilar/Istanbul-Turkey 

KEYWORDS: Twin tunnel excavation, surface settlement, EPBM, twin tunnel settlement curve. 

figure 1. interaction of surface settlements and transverse 
settlements curve of section 4.

2 ConClusion

The following conclusions were obtained a) 
Transverse surface settlement curve mostly 
inclined to second tunnel. b) Considering field 
monitoring results, it is obtained relationship for 
estimating the twin tunnel transverse surface 
settlement curve with modification of Peck 1969 
and o’reilly and new, 1982.

KeYWorDs: Twin tunnel excavation, surface settlement, ePbM, twin tunnel settlement curve.
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1 inTroDuCTion

in case of the construction of underground 
opening such as tunnels, the stress and deforma-
tion behavior around tunnel can be predicted by 
using numerical analysis before tunnel excava-
tion. in numerical analysis, though the ground 
is originally inhomogeneous, the material 
proper-ties and initial stress of the ground are 
assumed as a homogeneous before tunnel 
construction. Therefore, field measurements 
such as the convergence, crown settlement and 
extensor-meter measurement are carried out 
during tunnel construction. The displacement by 
field measurement and the numerical analysis 
are compared. The back analysis is one of the 
powerful tools to evaluate the initial stress and 
modulus of elasticity from such results of field 
measurement.

The inhomogeneous ground material in this 
study represents the change of size of uniform 
material. by changing this ground material, 
the displacement data of extensometer 
measurement in the ground during tunnel 
excavation are collected as the result of 
numerical analysis. The back analysis assumed 
as homogeneous ground is carried out by using 
extensometer measurement data. Thus, the 
modulus of elas-ticity and initial stress can be 
calculated by the back analysis. These results 
are assumed by inhomogeneous ground to be 
apparent homo-geneity. from these results, 
we examined that inhomogeneity of the ground 
influence for the result of back analysis during 
the tunneling.
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figure 1.relations between modulus of elasticity by numerical 
analysis and modulus of elasticity by numerical analysis

2 ConClusion

in this study, the initial stress, the modulus of 
elasticity and the angle of initial principal stress 
by using back analysis showed wide distribution 
in the inhomogeneous ground. figure 1 shows 
the distribution results of modulus of elasticity. 
Here, a vertical axis is the modulus of elasticity 
by numerical analysis, and a horizontal axis is 
the modulus of elasticity by back analysis. as 
these results, if inhomogeneous size (l) are less 
than 1.0m (in other words, inhomogeneous size 
(l) are less than about 0.1D for tunnel diameter 
D=9.34m), it is clear that the inhomogeneous 
ground can be assumed as the apparent 
continuum material.

KeYWorDs: inhomogeneous rock mass, numerical analysis, back analysis, modulus of elasticity
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1 inTroDuCTion

rapid development of communal facilities and 
acceleration of urbanization have made pipe 
jacking universally used for the installation of 
utility purpose. High quality and uniformity of 
integrated thixotropic slurry jacket around the 
pipe could not only reduce the lateral resistance 
and decrease the use of intermediate jacking 
stations, but also make it possible to minimize 
the deformation of the ground to an acceptable 
range. Consequently, having a command of 
factual conditions of slurry jacket is of vital 
importance to construction and assists in 
understanding its mechanism.

Current researches on pipe jacking are 
focused on injection techniques (Cai, 2006), the 
interaction mechanism of slurry and surrounding 
soil (Wei et al., 2004 and Jian et al., 2010), etc. 
in this paper, ground penetrating radar (GPr) 
is firstly applied to the largest sewage disposal 
project in shanghai to obtain the thickness 
distributions of thixotropic slurry around the pipe. 
With the aid of data processing, interpretation 
and an indoor test on dielectric properties of 
thixotropic slurry samples, the propagation 
velocity of electromagnetic (eM) wave and 
thickness distribution could finally be achieved. 

2 ConClusion

The results indicate that integrated slurry jacket 
can be formed in the longitudinal direction 
although unevenly (figure 1) and the earlier a 
pipe is jacked, the higher quality of uniformity 

achieved. Moreover, the thickness of slurry 
jacket is as 10 to 16 times as the annular 
space, whereas the same effect could be 
achieved while the ratio is only 6 to 7. Therefore, 
further modification of slurry injection could be 
proposed. 

figure 1. Thickness distribution of ring no.223. 

in addition to optimize pipe jacking techniques, 
this non-destructive testing method also 
illustrates that the slurry jacket of shield tunnel 
is thicker than pipe jacking. among all the 
reasons accounting for this phenomenon, eM 
wave velocity is the most fundamental one. eM 
wave travels faster in grouts behind segments 
in shield tunnel and this disparity could be 
attributed to water content (liu et al., 2000) and 
hydration speed.

KeYWorDs: thixotropic slurry, ground penetrating radar (GPr), thickness distribution. 
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1 inTroDuCTion

The High speed Tunnel between atocha and 
Chamartin stations in Madrid is the biggest 
diameter of spain. its execution has been 
particularly delicate because of the particularity 
of being fully implemented in urban environment. 
The tunnel has approximately 7 km long and 
an outer diameter of 11.495 mm. it runs below 
8 lines metro, parking of 4 floors, collectors, 
buildings, commuter tunnels, etc., that has 
required deploy a great system of monitoring 
that allowed control at all times the movements 
that could originate during excavation.

it has been installed more than 3000 devices, 
it has been carried on up to 4 measurements 
per day (3 day and 1 night), and it has been 
installed continuously measuring sensors that 
recorded data 24h per day. automatic and 
manual measures during 24h per day enabled 
us to detect the slightest movements as soon 
as possible.

a wide inspection survey has been 
performed to collect all the pathologies present 
on the affected buildings.

 

figure 1. inspection location sheet

also Metro de Madrid and commuter tunnels 
have been monitored during the crossing 
process.

2 ConClusion

The verification of the security of all structures 
affected on the tunnel execution has been 
possible due to the wide monitoring plan 
established.

Communication and coordination between 
all parts involved in the construction of the tunnel 
has been the key to ensure safety in accordance 
with the data obtained with monitoring.

KeYWorDs: Monitoring, atocha, sensors, Tunnel 
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1 inTroDuCTion

several infrastructure projects are being carried 
out in the city of rio de Janeiro for the 2014 
World Cup and 2016 olympics. among them, 
the works for the expansion of General osório 
station aims to optimize and to enhance the 
flexibility of the subway Line 1 operation.

The excavations are based on drill and blast 
methodology in more than 1800m tunnels that 
are performed under the Cantagalo Hill, a rock 
mass that divides three neighborhoods in the 
south of the city and has three communities on 
its slopes.

Due to this type of intervention in urban 
environment, the vibrations generated by 
blasting must be continuously and rigorously 
monitored. for this reason the contract created 
a procedure from the design of the fire plan to 
the critical analysis of seismographic results. 
As the vibration increases the fire plan can 
be adjusted, the partialization section can be 
changed, an alternative device to detonate can 
be adopted, among other alternatives.

before starting the detonations it was 
established vibrations parameters by 
determining an equation of the dynamic 
behavior of the rock mass (see figure 1). as the 
detonations move forward, the parameters were 
adjusted due to several existing variables. 

The values   adopted for these calculations 
were used in order to follow the standard nbr-
9653.

 

figure 1. Dynamic behavior Curve.

2 ConClusion

The use of seismographs was effective in 
order to understand the vibrations of the rock 
mass and the structures, as well as the fVs 
favored the control and logistics of explosives. 
When analyzed together, that contributed to 
the improvement the blast design and showed 
that the use of electronic fuses allowed the work 
to be performed within the safety standards 
required.

finally, some adjustments on the empirical 
coefficients were proposed with the aim to better 
adjust the characteristics of the rock mass.

KeYWorDs: Vibration, Monitoring, seismography, naTM, Drill and blast.
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1 inTroDuCTion

The global design process of a segmental 
tunnel lining requires a correct identification and 
thorough understanding of all loads acting on the 
concrete segments, both during construction as 
well as throughout the lifetime of the structure. in 
this respect strains were continuously monitored 
in several cross-sections of the tunnel lining 
during construction of the liefkenshoek rail 
tunnel in the Port of antwerp (belgium), while 
ovalisation measurements using laser scanning 
registered the structural deformations of the 
tunnel cross-section at regular points in time.

2 Cross-seCTional DeforMaTion

The global deformation of the tunnel cross-
section is the combination of displacements - 
caused by the presence of the joints between 
individual segments and measured by 
ovalisation scanning - and deformations of the 
concrete segments – due to the acting forces 
on the tunnel lining and measured by strain 
monitoring. ovalisation monitoring shows that 
significant displacements of the tunnel lining 
and corresponding ring ovalisation always 
occur during the first week after construction 
of the monitored section. afterwards only small 
deformations can be developed due to the 
acting forces on the individual segments, yet 
outside the perceptibility of the laser scanning 
technique.

3 sTrain DeVeloPMenT

Strain measurements indicate that the first few 
days after installation of a tunnel section prove 
to be governing for a majority of the strain 
sensors. analysis shows a large probability for 
unfavourable tensile stresses to occur at this 
stage during the lifetime of the segmental lining.

Significant structural changes to the tunnel 
lining, such as the creation of cross-passages 
or evacuation shafts, can also lead to governing 
phases at a later stage and naturally require 
special attention in the design. nonetheless, 
monitoring results prove that the early 
construction stage - including ring erection, 
advance of the TbM and tail grouting - should 
form an integral part of the design process of a 
precast concrete tunnel lining.

4 MoniTorinG of TiDal effeCT

finally, the design and assessment of the 
long-term durability of the tunnel lining should 
still pay attention to special load states after 
construction, such as the presence of a tidal 
river. The complementary combination of 
strain, ovalisation and leveling measurements 
lead to conclude that the liefkenshoek tunnel 
undergoes a vertical rigid body movement of 
10 mm below the river scheldt during each 
tide cycle, without deformation of the tunnel 
cross-section. The tidal response might prove 
unfavourable for the long-term durability of the 
tunnel lining.

KeYWorDs: segmental tunnel linings, strain monitoring, ovalisation, installation stage, tidal river.
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1 inTroDuCTion

The inevitable uncertainties in the geological 
model, the ground parameters, as well as 
the influencing factors (e.g. stress situation, 
ground water, orientation of discontinuities) call 
for an observational approach during tunnel 
construction. This requires establishing and 
conducting a targeted monitoring plan, which 
can capture the expected behaviors.

With the introduction of absolute displacement 
monitoring methods, a wide range of additional 
evaluation and interpretation methods have 
been introduced. They allow extracting a 
maximum in information from the measured 
data. The development of tools for prediction 
of the displacement development considerably 
assists in assessing the stabilization process, as 
the face advances. 

figure 1. Top: state diagram for the vertical displacements of 
the crown. bottom: Trend of displacement vector orientation 
(l/s) of the crown. 

observing changes in characteristic trends 
of certain displacement components allows 
reliably interpreting the mechanical processes 
around the tunnel, and predicting changes in 
rock mass quality ahead of the face (figure 1). 

using displacement measurements only, 
critical states of brittle linings cannot be 
assessed in time. However, the development 
of appropriate material models for shotcrete 
now allows assessing the utilization of the lining 
at any stage, using data from displacement 
monitoring (see figure2).

figure 2. assessment of utilization of shotcrete lining, based 
on absolute displacement monitoring data

2 ConClusion

Modern monitoring methods, when properly 
applied, can reduce the “surprises” during 
construction of underground structures 
considerably, and thus safe time and costs.

KeYWorDs: tunnel monitoring, displacement vectors
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Application and geotechnical verification of the time domain 
electromagnetic method to a gneiss tunnel site

M. shishido, K. okazaki, Y. ito
Civil Engineering Research Institute for Cold Region, Sapporo, Japan.

H. Murayama, n. suzuki, H. niwa
Fujita Corporation, Tokyo, Japan

1 inTroDuCTion

at tunnels in service, many cases of deformation, 
such as uplifting of the road surface and bulging 
of the lining, have been reported to have 
occurred several months to several years after 
tunnel completion. such incidents have been 
causing social problems, because repairing 
structural deformities incurs costs and causes 
inconvenience to the users from the traffic 
closures during repair.

in the survey reported in this study, the 
time-domain electromagnetic method with a 
ground surface source (TDeM) was used to 
take measurements along multiple traverse 
lines during geological surveys before a tunnel 
was constructed through gneiss ground. This 
method was originally developed for helicopter-
born TDeM using ground surface sources, 
and it has been used for surveys of wide or 
inaccessible areas, such as mountainous wide 
areas or for observation of volcanic activity. our 
survey used equipment that had been improved 
so as to be carried by field survey personnel. 

Here we report a case in which the 
applicability of TDeM to geological survey was 
examined. The geological and engineering 
points of concern in planning and conducting 
construction work were considered based 
on the distribution of specific resistivity of the 
tunnel site ground obtained by using TDeM and 
a comparison of those points with the geological 
characteristics found at the time of tunnel 
excavation.

Figure 1. Comparison of geological profile of the actual 
extraction and the possible problem locations obtained from 
TDeM survey results.

2 ConClusion

as a result, three areas were noted when 
excavation had been extracted by resistivity 
distribution from TDeM and boring exploration 
results. These areas corresponded to the 
boundary of the lithofacies or vulnerable geology 
from the excavation data. The resistivity from 
TDEM was confirmed that correspond to the 
lithofacies on the gneiss mountain. TDeM is 
capable enough to be applied as a method to 
estimate conditions and resistivity on the gneiss 
tunnel site. 

KeYWorDs: TDeM, electric resistibility, boundary of the lithofacies
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Twin tunnels and asymmetrical settlement troughs in soft soils

n. Della Valle and M. Molina rodríguez
Tunnelconsult scp, Barcelona, Spain.

1 inTroDuCTion

This paper aims to evaluate the actual 
settlements measured in the first finished section 
of the Chennai Metro rail Project (CMrP) in 
Chennai, india. Twin tunnels are bored through 
silty sand alluvial formation by two identical earth 
pressure balanced tunnel boring machines with 
a 6.63 m excavation diameter.

2 seTTleMenT TrouGH fiT

at all the settlement monitoring sections above 
the second tunnel record a larger settlement and 
volume loss than the first one. Beside this, it is 
shown an evident asymmetry of the settlement 
trough induced by the second tunnel excavation.

A rather good qualitative fit of a settlement 
curve to the actual measurements is achieved 
by splitting the Gaussian curve into two halves 
and modifying the dimensionless trough width 
parameter K on each half of the curve. Therefore 
the Gaussian curve fitting the second tunnel 
settlements is defined by three parameters, 
i.e. the maximum settlement induced by the 
excavation of the second tunnel Smax2, the K 
parameter for the half trough near the first tunnel 
Kn2, and the K parameter for the remote limb of 
the half trough Kr2, away from the first tunnel. 
This Kn2 and Kr2 parameters are directly related 
to the inflection points in2 and ir2 of the settlement 
trough and inversely related to the tunnel depth.
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figure 1. increment of the near limb volume of the second 
tunnel settlement trough.

3 ConClusion

The analysis of the settlement trough shape 
carried out after the excavation of the first 
section of the CMrP provides a useful tool to 
review the expected settlements in the further 
sections to be excavated. This can be extended 
to other tunneling works in similar geotechnical 
conditions.

KeYWorDs: twin tunnels, settlements, Chennai.





PLANNING AND DESIGN OF UNDERGROUND STRUCTURES





Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

37 

Analysis of a tunnel excavation in São Paulo Metro Line 5 
Expansion in gneiss residual soil

G. aguiar
Consórcio AG-CCCC Metrô-SP Linha 5 - Lilás, São Paulo, Brasil.

M. M. futai
Escola Politécnica da Universidade de São Paulo, São Paulo, Brasil.

M. a. a. P. silva, i. J. f. Teixeira
Consórcio AG-CCCC Metrô-SP Linha 5 - Lilás, São Paulo, Brasil.

G. b. robbe, D. soares Júnior
Companhia do Metropolitano de São Paulo, São Paulo, Brasil.

KeYWorDs: tunnel excavation, residual soil, feM

1 inTroDuCTion

a 139 m² tunnel excavation is analyzed, part of the 
line 5 extension of Companhia do Metropolitano 
de são Paulo (CMsP), excavated in gneiss 
residual soil, confronting instrumentation data 
with results from bidimensional analysis utilizing 
a numerical model with finite elements. 

residual soils main characteristic is their 
heterogeneity and there are still few studies 
regarding this type of soil in são Paulo. Therefore, 
some geological and geotechnical aspects 
are also discussed herein, such as resistance 
parameters, deformability modulus and the 
influence of heterogeneity in the soil behavior.

2 analYsis

The tunnel excavation was simulated in a bi-
dimensional analysis in a finite element model 
using Phase2, shown in figure 1. it is performed 
a numerical  simulation in  continuous  medium, 
dividing the tunnel execution in sequential steps 
to evaluate the stress state change in the soil. 
The soil layers are modeled using the Mohr-
Coulomb constitutive model (linear elastic 
perfectly plastic). 

 

figure 1. feM analysis for roque Petrela Tunnel

Two different sections were analyzed and 
the results obtained were compared with the 
data obtained in the monitoring sections. figure 
2 shows the results.

 

figure 2. Comparison of ground settlement – section b.

3 ConClusion

The Mohr-Coulomb model was used to simulate 
the ground behaviour and it was found that 
there is a quite reasonable conformity between 
the measured and calculated displacements. 
some aspects of the tunnel execution that may 
influence in the field monitoring measurements 
that are not included in the finite element model 
are also presented.
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Extension of Bucharest Metro Line 4 – Specific Conditions of 
Works

o. arghiroiu
Metroul SA, Bucharest, Romania.

S. Călinescu
Metroul SA, Bucharest, Romania.

1 inTroDuCTion

The area consisting the subject of the future 
Metro line 4 extension, is spread along 
Bucureştii Noi Avenue, in the North-West part 
of the city, having as end stops the existing 
Bazilescu Park station and Străuleşti Bridge, 
near Colentina river (figure 1).

figure 1. extension of Metro line 4.

Construction of Metro line 4 began in 1989. 
Due to the lack of funds, in ’90 years, it was 
stopped for 8 years.

The works restarted in 1998 and on the 1st of 
March, 2000, first section it was commissioned, 
having 3.36 km in length, with 4 stations: 
Gara de Nord 2, Basarab 2, Griviţa and 1 Mai. 
following in time, on the 1st of July, 2011, second 
section of Metro line 4 was commissioned, 
having 2.7 km in length, with 2 stations: Jiului 
(former Pajura) and  bazilescu Park. Today, 
Metro line 4 requires the completion of works 
on a 2.36 km length, for: a) section 3, between 
Park Bazilescu station and Străulești station, in 
length of 2.0 km, with 2 stations: laminorului 
(former Laromet) and Străulești and 1 depot; b) 
Străulești Parking intermodal Terminal building 
(3-level).

2 ConClusion

Today, the Contractor (a JV of: astaldi 
spa (italy), somet sa (romania), Tiab sa 
(romania) and uTi Group sa (romania) have 
fulfilled the following:

•	 40% of diaphragm walls at laminorului and 
straulesti station;

•	 45% of the total structure of the depot;
•	 40% of the public utilities deviation.

The TbM will be run by astaldi and is in 
the manufacturing process, expected to be 
delivered at the beginning of 2014 year.

The commissioning is expected to be in 
2015.

KeYWorDs: metro, extension, strategy.
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An Investigation on the Effect of Closely Passing New Tunnel 
under Operational Subway Station in Tehran Metro, Iran by 
3D-FEM Model

M.H. sadaghiani
Department of Civil Engineering, Sharif University of Technology, Tehran, Iran

M.r. asgarpanah
Department of Civil Engineering, Sharif University of Technology, Tehran, Iran

1 inTroDuCTion

Increasing traffic congestion in urban areas 
and growing land values makes underground 
structures increasingly attractive for highways 
and transit compared to other options. 
underground transportation system expansion 
(roadways and subway networks) causes not 
only tunneling under existing surface structures, 
but often also under existing underground 
structures. Metro lines in their intersections 
need special designs and considerations.  
Therefore the analysis of new tunneling effect 
on existing underground station reduces the 
risk of unexpected instabilities in operation of 
existing underground station. The intersection 
of line 7 with line 4 of Tehran metro network, 
iran is considered in this research. line 7 is 
constructed under existing line 4.  in the present 
research, using 3D numerical finite element 
modeling, the effects of new tunneling of line 
7 on the supporting system of an existing Tohid 
underground metro station of line 4 is studied. 
The 27km tunnel is excavated by the ePb-
TbM along its all alignment. The overburden 
is variable and depends on ground surface 
topography and underground structures and 
facilities.

Full three-dimensional (3D) finite element 
model is used considering all the construction 
stages to analyze the ground and structure 
behaviour in intersection of two Metro lines. 
The main objectives are: (1) to simulate 
the construction process of the existing 
underground station; (2) to investigate the 
response of the existing support system to the 

construction of new crossing tunnel; and (3) 
to study the effect of station overburden and 
traffic loads on interaction mechanism. The 
parameters monitored in this study are surface 
settlement, deformation and distortion of station 
cross-section due to new tunneling and bending 
moment of station final lining.

 

figure 1. 3D finite element model for perpendicularly crossing 
tunnel and station.

2 ConClusion

The main purpose of this study is to investigate 
the existing underground station performance 
under the changes of overburden and 
traffic loads when a crossing new tunnel is 
constructed. The increase in overburden depth 
makes interaction mechanism more complex. 
although, side wall is deformed outward in 6m 
and 12m overburden depths, it is deformed 
inward in 18m overburden depth. The computed 
deformations of station final lining are almost 
identical for variable traffic loads. Thus it has no 
significant effect on interaction mechanism.

KEYWORDS: 3D finite element model, TBM-bored tunnel, subway, underground station, 
parametric study
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The Use of Macro-synthetic FRS for Safe Underground Hard 
Rock Support

e. s. bernard
TSE Pty Ltd, Sydney, Australia.
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1 inTroDuCTion

Numerous changes in technology and 
procedures have progressively been 
implemented over recent years with the objective 
of reducing hazards in underground excavations 
and enhancing long-term performance. Among 
the most significant in terms of improved safety 
during construction has been the introduction 
of Fibre Reinforced Shotcrete (FRS) using 
remotely operated equipment as this has 
dramatically reduced the risk of death and injury 

for underground workers. The subsequent 
adoption of macro-synthetic FRS has led to 
further improvements in safety as a result of 
the superior toughness, long term performance 
retention, and durability this material exhibits 
compared to alternatives. This paper examines 
how the properties of macro-synthetic fibre 
reinforcement influence safety in underground 
hard rock excavations with a particular focus on 
the role of lining ductility at large deformations in 
preventing sudden brittle failure.
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Extension of the metro line in the north of Brussels

Y. boissonnas
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1 inTroDuCTion

Demographic studies shows that the 
development of the northern part of the city 
will be very important in the next years. This 
would bring the actual public transport system 
to its limit. indeed the current north-south axis 
consists of premetro combined with a tramway. 
a study of the demand shows that a new metro 
line would be necessary.

2 THe ProJeCT: brussels MeTro 
norTH

The project brussels Metro north consists in the 
extension of the public transport system between 
brussels north railway station and bordet. an 
additional extension up to Haren in the north of 
the Capital is currently being analyzed in term of 
feasibility (socio-economy, mobility, technics).

The new underground section will be about 
4,3 km and the eventual prolongation to Haren 
would bring an additional 1,4 km on it. a total 
of 6 to maximal 8 new underground stations 
(depending on the prolongation) would be built.

3 seleCTion of THe oPTiMal 
aliGnMenT

a large range of possible alignment was studied 
and a selection of three best variants was carried 

out by the use of a multi-criteria analysis. in a 
second stage the three variants were looked at 
in a more detailed way. on the base of a second 
multi-criteria analysis a best alignment was 
proposed to the client.

4 TeCHniCal asPeCTs

beside a deeper look at the geology the 
different configuration were studied. The three 
configurations with two single track tube, one 
double track tube or a large diameter with two 
decks were compared.

The construction of the stations, the local 
situation and impact of the tunnel were included 
in the selection process of the best variant.

5 ConClusion

The present paper presents the stand of the 
planning and design of the new metro tunnel in 
brussels. 

because the intermodal and technical 
requirements are high, multiple and sometimes 
conflicting objectives were identified. The 
multi-criteria analysis helped in the process of 
searching the best compromise.

Nowadays three variants officially exist and 
the decision for the final route should soon be 
arrested together with the selection of the tunnel 
diameter / configuration to be used. 

KeYWorDs: brussels, Metro, Preliminary study, Variant study.
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Tunnel Safety Design Brazilian Standardization
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1 inTroDuCTion

lately incidents in road tunnels turned up to 
improve safety design and standards worldwide.  
in brazil, the abnT (brazilian association to 
Technical Standards) is a private non-profitable 
association that joined iso.  abnT by its br 
Committee for fire Protection (Cb 24) has started 
preparing standards on tunnel safety design in 
2000.  Today, there are four standards on tunnel 
safety published. They deal with fire protection 
safety, emergency communications and alarms, 
safety inspections management and lighting. 
The abnT Tunnel safety Committee (TsC) is 
now preparing the standard specifically to rail 
surface and underground tunnels, normally used 
by metro, surface and elevated train ways and 
railways. The TsC is multidisciplinary and has 
monthly meetings.  on such committee there is 
the participation of equipment suppliers, design 
and tunnel operation companies, research 
groups, members of university and fire brigade 
officers.

2 sTanDarDs ProGress

The very first standard on tunnel safety ABNT 
nbr 15661 issued in 2009 has been revised 
in 2012. This standard specifies the safety 
requirements to fire prevention and or protection 
in tunnels, as well other safety systems, and 
introduces the risk analysis techniques as 
a prevention criterion to be prepared along 
tunnel projects.  it also requires emergency, 
contingencies and risk management planning in 

tunnel projects that can be applied as well to the 
existing tunnels in brazil. a lorry driver’s tunnel 
safety program is also proposed. The standard 
revision presents a guide which make easy its 
use and new topics and parameters aligned to 
modern international standards.

since 2009, abnT has enforced the 
standard nbr 15775 that establishes safety 
requirements to perform tunnel safety 
inspections and management. such inspections 
should be performed by an independent 
technical skilled team under the responsibility of 
the tunnel operation management. These safety 
inspections should be realized each five years.

The third standard nbr 15981 was 
published in 2011 and deals with tunnel 
signaling and emergency warning. it 
establishes the requirements for the complete 
communications net, including emergency, level 
of the emergency lighting on the egress ways 
and stairs.  The emergency communication 
and signaling systems are connected to the 
emergency power system and backed up with 
a battery set. The Tunnel operations Control 
Center (CCo) can receive, control and manage 
normal and emergency data with operational 
software type sCaDa. This system can be 
operated either manually and/or automatically.  
Safety systems such as fire, gases (CO/NO

x), 
fumes and intrusion detection are also required 
to be installed in tunnels. 

The last standard published nbr 5181 is a 
revision of an old standard of 1976 on road tunnel 
lighting. That is to say, the change occurred of 
the old concept of iluminance to the new one, 
luminance. The revision was published in 2012.

KeYWorDs: tunnel, tunnel standards, tunnel safety design.
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Passive Fire Protection Applications in Marmaray Tunnels 
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1 inTroDuCTion

The Marmaray Project is a modern fast rail-track 
transportation scheme of 76.3 km connecting 
the european and asian sides of the istanbul 
City underneath the bosphorus at a depth of 58 
m. The objective of the Project is to establish 
a transportation capacity for about 150.000 
passengers per hour in both directions and to 
reduce the present total travelling time of 185 
minutes by nearly half.

fire protection is required of the train 
tunnels of the Marmaray Project against the 
load of 100 MW hydrocarbon fire for a minimum 
duration of 4 hours. The purpose is to limit the 
structural damage, i.e. without a collapse and/
or catastrophic flooding of the tunnels, under 
the specified fire load that the passengers can 
safely be evacuated and also the facility can be 
restored to the normal operational conditions 
within a reasonable time.

figure 1. Passive fire Protection in TbM Tunnel

2 DesiGn anD aPPliCaTion

The passive fire protection (PFP) applications in 
the twin TbM-1 Tunnels (fig.1), at a length of 
2430m each, are explained in the present paper 
including the particulars related to:

•	 fire Hazards and fire safety Concept,
•	 employer’s requirements for fire Protection,
•	 assessement for necessity of the PfP,
•	 Geological Conditions,
•	 PfP Material selection strategy,
•	 laboratory Testing on PfP Materials,
•	 Design for PfP,
•	 Dewatering of Tunnel,
•	 PfP application in Tunnels, and
•	 Tests on completion.

The PfP application in the TbM-1 Tunnels 
of the Project was performed under a very 
tight work programme. The specific experience 
acquired in this instance has been introduced in 
the present paper.

3 ConClusion

fire insulation in urban subway tunnels is quite 
rare and any experience in this instance is 
not readily available. However, fire insulation 
has been provided in the train tunnels of the 
Marmaray Project and the main points thereof 
are briefly reviewed herein below:
i. fire safety of a complex infrastructure 

project must be established on the basis of 
an integrated overall concept and through a 
detailed design procedure,

ii. The fire load and the related requirements 
must be precisely determined under all 
related aspects such as the geotechnical 
parameters, architectural configuration and 
available fire fighting measures,

iii. for the PfP material, at least another 
alternative material must be selected 
and incorporated into the laboratory test 
procedure as a contingency plan,

iv. PfP application is allowed only on dry 
surfaces that the necessary time must be 
allocated for a large scale second stage 
grouting work in case of water seepage into 
the tunnel lining,

v. as to the application of PfP, a competent 
applicator with tunnel experience is 
absolutely necessary besides availability of 
spray pumps and other equipment in good 
working condition,

vi. appropriate work organization and shifts, 
mobilization and logistics for the tunnel and 
access conditions must be provided, 

vii. appropriate temporary facilities must be 
available in good operational conditions in the 
tunnel; such as lighting, water, compressed 
air, discharge lines, ventilation, and etc.

KeYWorDs: Train Tunnels, fire load, Hydrocarbon fire, Passive fire Protection
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1 inTroDuCTion

Many ancient brazilian tunnels (railways 
and roads), excavated in rock in the first half 
of the twentieth century, have no structural 
liner. Currently, some of them are presenting 
localized instability problems of block falls, 
related both geological discontinuities geometry 
and position, as the effect of weathering acting 
in the rock mass.

several numerical methods have been used 
to perform stability analyses of underground 
excavations in discontinuum media. However, 
most numerical methods (i.e. finite element 
feM, boundary element and lagrangian 
finite Difference) have restrictions related to 
the discontinuities representation. The Distinct 
element Method (DeMt), introduced by Cundall 
(1971), was developed to overcome these 
difficulties in discontiuum modelling, with the 
ability to represent rock masses as assemblages 
of rigid or deformable blocks.  

The feM is one of the most versatile 
numerical techniques, having well-established 
methods for modeling innumerous behaviors 
and mechanisms. simulations in feM can 
deal with many constitutive behaviors and 
complex phenomena. The objective of this 
paper is exploring some of the potentialities 
of block fall simulation in feM using surface-
based contact and an explicit dynamic solver. 
The results obtained with this methodology are 
compared with well-established methods (limit 
equilibrium-unWeDGe and DeMt-3DeC). 

a simple 3D model with just one block 
formed on the roof was conceived to compare 
the results (see figure 1).

 
 

 

figure 1.Comparison model.

The friction angle associated with the block 
fall was determined; the results are show in 
Table 1.

Table 1. failure friction angle.

Method failure friction angle [º]
unWeDGe 24

3DeC 25
feM 25 and 26

2 ConClusion

The comparison with well-established methods 
showed a good correlation. although it is still 
necessary to perform comparisons with more 
realistic models, the results are promising.

KeYWorDs: feM, DeMt, 3DeC, abaqus, surface-based contact, block fall, block Theory
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1 inTroDuCTion

Tunnels have become a necessary part of 
everyday life and there is expected to be 
increased usage and expansion in the near 
future. However, the construction of tunnels 
can be very expensive ventures, costing from 
millions to billions of dollars.

in australia and new Zealand (anZ) a 
sentiment exists that constructing tunnels is 
significantly more expensive than in other parts 
of the world. in order to investigate this claim, 
aeCoM has conducted research to identify and 
quantify the numerous variables that influence 
tunnelling costs so that areas for potential cost 
reductions can be explored. 

research included the creation of a global 
tunnel cost database, qualitative research 
through a series of interviews with key industry 
experts and an online survey that was sent to 
a wide range of experienced and specialist 
personnel who have been involved in tunnel 
projects.

after removal of unreliable data, the 
tunnelling cost database encompassed 157 
tunnels in 35 different countries.

it is accepted that the key factors that affect 
tunnelling costs include contract type, contractor, 
country, locality (urban or rural), geology, 
diameter, length, depth, lining and excavation 
type and end use. These variables affect the 
cost in different ways and are interlinked. This 
makes assessing the effect of each one difficult.

australian tunnels appear to be marginally 
more expensive than some parts of the world 
although the americas (north and south 
america) seem to be equally as expensive. 
australian transportation tunnels are cheaper 
than the global mean cost/m³ but utility tunnels 
are more costly (by m³) compared to utility tunnels 
globally. Cost reduction opportunities include 
design standardisation instead of optimisation 
for each project, restructuring PPPs, increasing 
site investigation in projects, setting clearer 
scopes for designers, ensuring that clients are 
well-informed in tunnelling projects and allowing 
more competition between contractors at tender 
stage.
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1 inTroDuCTion

The north West rail link (nWrl) is an $aus 
8.3 billion dollar project which is currently under 
construction in sydney, australia. it is australia’s 
largest public transport infrastructure project and 
includes 15km of twin tunnels – the longest rail 
tunnels in australia. The fully-automated system 
– an Australian first - includes eight new railway 
stations and will be the first stage of Sydney’s 
new rapid transit network.

figure 1. impression of a future nWrl underground station.

solutions developed during the reference 
design, including raising the depths of tunnels, 
have enabled significant improvements for 
customers as well as reductions in maintenance 
requirements.

This paper discusses the approach taken to 
deliver a successful whole of life cost solution 
for the nWrl project with focus on three main 
areas; specification of the running tunnel form, 
capitalising on tunnel alignment opportunities, 
and de-risking the design interfaces between 
delivery contracts. 

Key themes discussed in the paper 
include appreciation of tunnel durability and 
maintenance issues associated with sydney’s 
groundwater chemistry, assessing the benefits 
of undrained tunnel solutions for relatively small 
diameter, circular tunnel forms, and capatalising 
on the benefits that reduced tunnel depths can 
offer a modern rail line.

2 ConClusion

The specification of undrained, twin tube running 
tunnels for the nWrl project were found to 
offer a safe, easily maintainable asset at a 
comparatively lower capital cost and operational 
cost to drained tunnel alternatives.

The shallower tunnel depths along the tunnel 
alignment offered reduced station depths, which 
contributed to improved customer experience 
in terms of reduced platform to surface travel 
times and increased daylight travel during 
the commuter’s journey. in addition, removal 
of large sections of tunnel in place of surface 
or viaduct construction allowed reinvestment 
into high return areas of the project such as 
additional stations. 

Appreciation of the benefits of ‘de-risking’ 
the project’s contract interfaces has increased 
the surety of delivery for the project, as well as 
the safety and performance of the rail line.

KeYWorDs: north West rail link, sydney, tunnel, whole-of-life, drained, alignment.
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1 inTroDuCTion

our globe is experiencing unprecedented 
growth in urban populations. The corresponding 
sprawl of existing urban areas and the explosion 
of new cities and urbanizing regions is occurring 
at rapid speed. The ever larger and denser 
concentration of population is causing further 
concerns. ever larger groups of people are 
being exposed to natural hazards such as major 
storms, floods and earthquakes. 

More and more cities are looking to their 
underground spaces for relief as the resource 
land is being used up at alarming rates. efforts 
are made to contain the sprawl of cities and 
to densify further in already built-up areas. 
underground space suddenly becomes an 
interesting alternative leading to often very 
positive developments.

in the main paper the authors give examples 
of how underground space use is transforming 
cities. The question they ask is: What needs 
to be done to ensure that the use of the 
underground space itself is sustainable and 
make it contribute to sustainable development 
of resilient cities?

They argue that cities first need to develop a 
vision & strategy on the use of their underground 
spaces. The development of such a vision & 
strategy not only looks at the needs of a city 
and takes into account the possibilities of the 
underground space beneath the city, which is 
often constrained by its geology.

Having developed a vision & strategy the 
use of underground space can be integrated into 

future planning. by proceeding in this way, the 
city can make use of the full potential of these 
new spaces but also develop ideas to have 
infrastructures serve dual purposes. Combining 
uses and integrating both surface and below 
surface development, opens up totally new 
possibilities and can greatly enhance a city’s 
qualities. 

figure 1. Combined public car park and water retention basin 
in rotterdam, the netherlands.

2 ConClusion

The authors argue that only through a multi-
disciplinary dialogue between planners, 
engineers and decision makers can the full 
potential of underground space be harvested.  
only then will an urban underground future 
become a reality.

KeYWorDs: underground space, urban planning, sustainable urban development, city resilience.
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underground pipelines represent an economic 
and safe way to transport large quantities of 
liquid and gas products. However, despite the 
availability of appropriate design methods, 
these structures are still installed without a 
greater concern with the geotechnical project. 
it’s not rare to see that the geotechnical design 
of underground pipelines is limited to the 
specification of the construction process, as 
mentioned by bueno and Costa (2012). 

among the geotechnical aspects that need 
to be evaluated in the design of underground 
pipelines are those involving the localized 
elevation of the pipe, such as expansive soils, 
uplift water pressure and soil freezing. all these 
geotechnical conditions are of great practical 
interest, since the pipe at specific locations may 
experience longitudinal and circumferential high 
stresses and strains, and eventually collapse.

Three-dimensional numerical analyses were 
performed using the finite element Method 
(feM). Parametric analyses were carried out for 
a large number of variables, such as soil relative 
density, relative stiffness and the extension of 
the elevated area of the pipeline. 

Variation of the vertical stress along the pipe 
for different values of relative stiffness (SR), 
showed a peak on regions which precede and 
predates the located elevation in the pipe. a 
three-dimensional schema with these results is 
shown in figure 1.

figure 1. Three-dimensional schema and results of stress.

2 ConClusion

The results allowed a detailed evaluation of 
the redistribution of stresses in the soil mass 
(soil arching phenomenon). Particularly, soil-
pipe systems with high relative stiffness proved 
to be less susceptible to large variations of 
stress in the central region, while in the interface 
region was observed the opposite.

KeYWorDs: buried pipe, arching, numerical analysis, elevation.
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When a project includes two parallel tunnels, 
cross passages linking both tunnels are normally 
constructed for safety reasons during tunnel 
exercise. Design and construction of the cross 
passages is a challenging issue in tunnelling 
design and one of the major components of the 
overall construction cost and construction delay.  
excavating cross passages through rock, soft 
ground, and mixed face conditions presents 
very different challenges often requiring 
intense ground reinforcing and grouting as well 
as handling groundwater creates additional 
difficulties. Excavation of the main tunnels, 
having a relatively larger dimension compared 
to the cross passages, usually involves in the 
use of full-face mechanized excavation. for 
cross passages, access is usually limited, 
excavation is implemented through traditional 
methods preceded by treatments if required. 
since the main tunnels need to be built before 
construction of the cross passages can be 
started, they are often on the critical path of the 
schedule. as such, having an optimal design 
for cross passage construction can be a critical 
component for successful delivery of the project.

To evaluate the effect of cross passage 
excavation as well as different geometrical and 
geological parameters on induced stresses 
inside linings and displacements in the 
model, different scenarios were selected and 
afterwards by changing the geometrical data 
of main tunnels, cross passage, overburden 

and geotechnical parameters, a series of 
three-dimensional numerical analyses (flaC 
3D) were performed. The aim of this ongoing 
parametric study is to provide some abacuses 
that can be useful in engineering practice.

2 ConClusion

The paper presents the main results of a research 
to highlight the effect of cross passage excavation. 
The effect of different geologies and geometries 
on surface settlement above main tunnels and 
cross passage centerline is summarized in some 
abacuses which can provide a tool for designers 
for a preliminary estimate of surface settlement 
for cohesive soils.

induced stresses inside tunnels lining are 
influenced by changing the geology, geometry 
and cross passage excavation. With cross 
passage excavation, bending moment at the 
first main tunnel crown and axial force at the first 
main tunnel wall increase. bending moment at 
second main tunnel wall and crown as well as 
axial force at the second main tunnel wall, which 
is in front of cross passage, increase at terminal 
steps of cross passage excavation. With step by 
step advancement of cross passage excavation, 
the induced bending moment and axial force 
inside the first lining ring of cross passage wall 
increase during primary steps of cross passage 
excavation and these effects are dissipated with 
advancement of cross passage excavation.
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rockmass characterization is an essential 
component of geotechnical design for tunnels 
and other underground excavations. The 
nature of data collected for conventional 
geotechnical characterization of drill core 
is often directed by inputs for empirical 
rockmass classification systems, but advanced 
numerical models require more sophisticated 
data for geotechnical designs in complex 
rockmasses. in an effort to advance rockmass 
characterization practices for complex 
rockmasses, the authors have developed and 
tested several new core logging procedures 
that account for healed structures (e.g. veins, 
stockwork, healed fractures) that occur in such 
rockmasses. The data collected from a 20 m 
section of core during field application of these 
logging procedures (see figure 1) has been 
used to develop numerical models of tunnels 
which are presented in this paper.

Hybrid Continuum/Discontinuum finite 
element models of a circular tunnel example 
(see figure 2) were used to compare the effect 
of data inputs from each core logging method 
on the resulting rockmass behaviour. The detail 
of these logging methods, from traditional Q and 
rMr parameters in unoriented core to current 
state of practice conventional logging and 
detailed healed structure data in oriented core, 
increases significantly, but the time required 
for logging also increases. overall, the models 
show that different levels of mechanical detail, 
associated with different levels of core logging 

resolution in terms of data depth and breadth, 
produce significant variations in predicted tunnel 
response.

figure 1. Part of a 20 m drill core section of a partially leached 
andesitic tuff that was logged using the tested core logging 
methods. The data was applied to the numerical tunnel 
example in this paper.

figure 2. schematic of the general model geometry used for 
all models.

KeYWorDs: rockmass characterization, healed structure in rock (e.g. veins), numerical modelling.
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The exploitation of underground space for 
road transport is an issue that has gained 
great expression in recent decades, mainly 
due to technological progress seen recently. 
This contributed to the development of various 
studies in a variety of areas related to this topic. 
it is notorious that the large contribution to the 
bibliography related to tunnels is concentrated 
mainly in developed countries, with irregular 
topography, such as sweden, Japan, norway, 
united states, france, italy and recently spain 
and Portugal, among others.

in brazil this topic has also received much 
attention in the academic and construction 
sectors. There are already several production in 
Portuguese language in this area, contributing 
in some way to the international context in which 
we are living.

Just like the rest of the world, there is 
difficulty in finding a material complete with the 
ability to provide the most diverse sub-themes 
existing bonded into a single literary work. a 
professional involved with planning, design work 
or tunnel need to research several sources in 
order to understand the complexity of a general 
construction of a tunnel, it is necessary to look 
separately each theme interested to understand 
the complex process of tunnelling.

However, in a general context and 
considering the difficulty that a designer, auditor, 
consultant or analyst has to find references, this 
material can be considered a good way to stand, 
or even a guide for those interested, always 
bearing in mind that some real situations may 
require different solutions of the proposals here.

This document will be submitted for 
general guidelines to be adopted in brazilian 
road Tunnels in studies and geotechnical 
surveys, studies section of tunnel ventilation, 
waterproofing, drainage, signage and safety.

2 ConClusion

There are several publications on diverse topics 
related to tunnels in the world, which should 
be viewed positively, as these materials help 
various professionals in the development of 
projects and monitoring of works in the tunnel 
sector. 

Thus, it is clear that the production of a 
material that contains various themes together 
in a simple and objective way may contribute 
more to the international tunnel engineering, 
by enabling greater global understanding of the 
subject.

it is true that there are still several issues 
to be explored, since a single article will ever 
tackle everything that exists on tunnels. as can 
be seen, issues such as security, risk analysis, 
construction methods, among others, still can 
and should be explored in future publications.

This paper is a starting point for the 
production of a material like idealized, although it 
is targeted specifically for Brazilian road tunnels. 
obviously, for further detailing on each topic the 
interested should go deeper into other materials, 
but the literature in the manner idealized in this 
article may even assist various regions of the 
world to product standards, guides or rules.

KEYWORDS: guidelines, tunnel projects, investigation, ventilation, waterproofing, drainage, 
signaling, tunnel section, safety.
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face instabilities in blocky/jointed rock masses, 
also referred as blocky rock conditions, may 
have great effects on tunnelling operations, 
especially if the excavation is performed by 
tunnel boring machines. an increase of the 
maintenance requirements, construction delays 
and cost overruns, are generally observed in 
these conditions. in this context, the Decision 
aids for Tunnelling (DaT) represent a very 
useful tool to assess, on a probabilistic basis, 
the effect that blocky rock conditions may have 
on the tunnel construction time and costs.

The “Decision aids for Tunnelling” are a 
model and a computer code that can be used 
to evaluate the effect on tunnel construction 
cost and time of the uncertainties related to 
both the geological/geotechnical conditions 
and the construction process (einstein et al., 
1999; Dudt et al., 1996). Tunnel construction 
is always characterized by a high degree of 
uncertainty, which is linked to two main aspects: 
1) the geological conditions along the tunnel 
alignment, which are never exactly known 
before excavation; 2) the construction process, 
which includes the variable performance of 
crew and equipment, repairs and maintenance 
occurring at various intervals, and accidents/
breakages. all this leads to the practical 
impossibility to exactly predict advance rates 
and costs (einstein, 1996).

in this paper, the DaT have been used to 
assess the effect that blocky grounds may have 

on tunnelling operations. The construction of 
a 10 km long tunnel has been simulated, and 
changing geological conditions have been 
accounted for. Two different simulation sets 
have been run. In the first one, the occurrence 
of blocky rock conditions has been modeled 
by means of Markov chains, while, in the 
second one, “ordinary” tunnelling conditions 
have been considered. The DaT input has 
been defined based on the experience gained 
at the lötschberg base Tunnel (switzerland), 
where blocky rock conditions occurred during 
construction.

2 ConClusion

The results, expressed in form of a time-cost 
scattergram, clearly show the construction time 
and cost increase related to blocky ground 
(figure 1).

figure 1. Time-cost scattergram for the DaT simulations.

KeYWorDs: blocky rock Conditions, Decisions aids for Tunnelling, risk analysis, TbM.
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The underground space of densely populated 
cities contains parts of buildings, utility 
installations, deep foundations and tunnels. it 
is possible that new tunnels will be built within 
close proximity of existing piles supporting 
buildings. The pile tunnel interaction (PTi) must 
be assessed so that it is possible to ensure 
safety for both the tunnel construction and the 
pile-supported structures. Most case studies 
have shown limited damage on pile supported 
structures due to tunnelling operations. However, 
these constructions were often executed with 
great uncertainty as the mechanism of pile 
tunnel interaction is not completely understood

Field tests at full scale demand significant 
resources for instrumentation and monitoring. 
because it is complicated to instrument an 
already constructed pile there are only a few 
case histories with consistent data. another 
investigative tool is the use of physical modelling. 
The controlled aspects of soil constituency, 
drainage conditions, load and volume loss 
enable a very consistent layout for analysis. 

These physical models, at full and 
reduced scale, should be the base to 
validate mathematical representations of the 
phenomenon of pile tunnel interaction, namely 
numerical and analytical models. These 
mathematical models, validated to the range 
of physical tests performed, could enable the 
design of a pile tunnel interaction layout that 
was not tested by physical models.

a standard layout for the three dimensional 
positioning of the advancing tunnel and the piles 
was developed to reach a common ground for 
discussions (figure 1). a literature review is 
presented followed by a quantitative comparison 
of the results of tunnelling induced axial forces 
and settlements on the piles.

figure 1. Pile-tunnel interaction layout

2 ConClusions

This work could show how far the physical tests 
on pile tunnel interaction have come, both by 
full and reduced scale test. Valuable information 
could be combined and analysed depicting the 
most influencing geometrical, structural and 
geological parameters, the convergences and 
divergences of the studies and where further 
research is needed.

KeYWorDs: Pile tunnel interaction, literature review, physical test, piles, tunnels.
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in Moscow in water saturated soils with 
hydrostatic pressure up to 0,2MPa two transport 
tunnels, each 14, 2 m in diameter and 1511,3 
m in length, were constructed. The tunnels are 
used for traffic in two levels: automobile traffic 
in the upper level and metro train traffic – in the 
lower level (abramson et al., 2003).

a new layout and arrangement decision 
required development of the innovative systems 
of ventilation, water and smoke removal.

for this purpose, a service tunnel, 6 m 
in diameter, was constructed between the 
transport tunnels, connected with the transport 
tunnels by five cross adits which provided all 
necessary support systems (see figure 1).

Construction of the connecting adits was 
carried out by the rock tunneling method either 
with ground freezing or ground stabilization 
by means of injection of cement – bentonite 
solutions. 

For division of the traffic flows, a roadway 
slab was constructed inside the tunnel.

The uniqueness of the frame required 
a detailed research including mathematical 
modeling and in place testing. 

2  ConClusion

Construction of tunnels with two level traffic for 
automobile transport and metro trains provides 
high traffic capacity due to more effective use of 
the internal space. at the same time the costs 
related with construction of the two double level 
tunnels and a service tunnel are considerably 
lower than of the four one-level tunnels: for 
automobile and for metro rail traffic.

Developed for the combined traffic effective 
ventilation systems, water and smoke removal 
systems as well as other systems ensure safe 
and reliable operation and quick evacuation of 
passengers in case of emergency.

at present the institute “Metrogiprotrrans” is 
developing similar projects in different areas of 
Moscow.

figure 1. fragment of layout and arrangement of the two level transport tunnel, service tunnel and joining adit.

KeYWorDs: tunnel, metro, automobile transport, service adits.
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The Paulista station of são Paulo Metro system 
line 4 is located at the crossing between lines 
2 (green) and 4 (yellow) and is an important 
transfer node for the users of the Metro 
network. The connection between the stations is 
achieved via a tunnel for pedestrians, which was 
partly executed during the construction of line 
2´s Consolação station, finished in 1994, and 
completed during construction of the Paulista 
station, in 2009-2010.

The completion of the Connection Tunnel 
was the most critical part of Paulista station´s 
construction works, because of the restrictions 
regarding the settlements induced by the 
excavation due to the close vicinity of the tunnel 
to the foundations of several buildings, and most 
of all, to the operating running tunnels of line 2. 
The excavation of the tunnel required special 
procedures, both in terms of the construction 
method and the monitoring of the settlements.

The paper describes the construction 
sequence and methodology, which was 
developed in specific ways for each tunnel 
section as a function of the geometry and 
structural requirements of the tunnel lining, 
and the instrumentation for the monitoring of 
settlements on the surface, in the surrounding 
buildings and metro tunnels. 

The instrumentation included an on-line 
system for the monitoring of settlements 
along the operating line 2 running tunnels. 
The monitoring system consisted of a set of 
precision vibrating wire liquid level settlement 

sensors installed in the critical area of line 2’s 
running tunnels. The sensors were connected 
to an automated data acquisition system, and in 
turn, to a personal computer. Custom software, 
installed in the PC, enabled simultaneous 
visualization of the data from each sensor and 
their position along the tunnel profile.

The results of the monitoring during and after 
construction are analyzed and compared with 
the allowable values, providing an evaluation of 
the excavation performance.

2 ConClusion

The possibility to continuously monitor the 
settlements along the tunnels gave the owner 
confidence to keep the line operating normally, 
only with train speed limitation in the critical 
instrumented section.

The monitoring data show that the 
performance of the excavations was very 
satisfactory, as the allowable settlements and 
distortions were not exceeded in line 2´s running 
tunnels, which could be kept fully operational, 
and neither in the neighboring buildings, were 
no damages resulting from the settlements 
induced by the excavations were registered.

KeYWorDs: naTM; settlements; Monitoring.
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even with decades of experience in soft ground 
TbM tunnelling, slurry and ePb, one of the 
key aspects, namely the support of the face, 
seems to remain a mystery for far too many 
involved in tunnelling projects, although the will 
to understand what goes on in front of the tunnel 
face goes back more than 100 years.  already 
in 1883 a face collapse was studied using a box 
model with coloured sand layers (forchheimer, 
1883).

Much research work has been done since 
then. feM-methods and even many more 
analytical calculation models have been 
developed, especially to calculate the earth 
pressure in front of a TbM.  However, no model 
ever made it into a standard.

This might be one reason why sometimes 
in projects the most unique calculation models 
come up, with some models being over-
conservative while others show disregard for 
even the basics of soil mechanics. for this 
reason this paper emphasises on some basic 
soil mechanic principles, which are important 
to remember when discussing analytical earth 
pressure models for TbMs (figure 1).  it will 
point out some key factors regarding different 
face support levels, add some facts to the 
difference between slurry and ePb TbMs and 
finally give advice for situations when the face 
support failed.

figure 1. Calculation model with sliding wedge and silo effect

2 ConClusion

as most analytical models only use lower 
bound limit equilibrium equations, it is important 
to understand that there is always a pressure 
range between a lower and an upper boundary, 
which is sufficient to keep the face stable.  But 
the chosen level within the range can influence 
settlements.

The choice of the TbM type in a project 
should take into account the different abilities 
of slurry and ePb TbMs to control the face 
support pressure.

in case the face support was lost, deliberate 
action is required and in cases of necessary 
interventions the correct methodology, like the 
implementation of artificial soil.

KEYWORDS: TBM, face support, calculation models, artificial soil.
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To ensure operational requirements and 
requirement in case of accident, a complex 
multipurpose water supply and drainage system 
scheme has been set in the 57 km long Gotthard 
Base Tunnel (GBT) (see figure 1).

The water supply system makes it possible to 
refill the fire-extinguishing-and-rescue trains at 
2 locations in each single track tube, to provide 
cooling water for the underground installed air 
conditioning and cooling systems, as well as 
to provide 20 l/s in total for the steady flow in 
the waste water system. The waste water lines 
in both single track tubes are charged by 5 l/s 
water at peak of the tunnel. This water flows 
down towards the portals, to prevent explosions 
of flammable fluids in the waste water drainage 
in case of an accident). a 200 kW micro-power-
plant in the multifunctional station of sedrun will 
exploit the 800 m vertical height between base 
Tunnel and water supply system.

The water drainage of the GbT, with 
separate systems for clean water from the 
rock mass and for waste water from the single 
track tubes, is completed at both portals with 
absorption reservoirs and water treatment 
facilities. Those have the purpose to cool down 
the collected mountain water to match the legal 
requirements for immission in inshore waters 
as well as to check the quality of the drainage 
water. in case of pollution in order to prevent 
environmental consequences the polluted water 
is detained by the treatment facilities.

figure 1. Water supply and drainage system of the Gotthard 
base Tunnel including a micro power plant.

2 ConClusion

GbT will be opened in December 2016, 
after a 20 years long construction time. some 
important parts of the water supply and drainage 
system were implemented under construction. 
The integration of new requirements at a very 
late stage of project development demanded 
an integrated coverage of the difficulties by all 
parties involved.

in the early design phase of big projects, 
such the GbT, the maximum attention is 
given to important aspects as for example 
excavation methods, lining of the tunnel, muck 
management, etc. our experience shows, that 
the detailed design of the complete water supply 
and drainage system has to be performed to an 
early stage of the overall project.

KeYWorDs: Gotthard base Tunnel, water supply, drainage system, micro power plant, complex
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in the 21st century the populations of urban 
areas are rapidly rising. several cities are in 
advanced stages of developing the required 
civil and social infrastructure; many others 
just start to work on pre-planning of the use 
of uus (urban underground space). in each 
urban areas several specific preconditions, like 
topography, geological and seismic conditions, 
climate, history, cultural and social background 
have impacts on the urban planning of surface 
land and underground space. Different ideas, 
preferences by local authorities, businesses 
and residents, and the available sources and 
methods of financing are also determining 
factors.

although the preconditions and current 
status vary world-wide, this paper presents a 
general framework of logical steps for the pre-
planning process:      

from promotion and vision of using urban 
underground space, regulating the basic legal 
conditions - to geotechnical and archeological 
explorations and mapping of potential uus, 
mapping and regulating of existing use and 
facility inventory - Harmonizing it with the 
surface land development plans. (integrated 
Master Plan, digital land and underground 
space register - inventory of uus by zoning 
categories, functions etc. - assessing the 
potential or best use of the zones or categories.- 
Presenting the draft system for public debate 
and the final for government approval. 

The paper will explain in details the 
presented elements from visionary aspects 

to the complex work of creating, testing and 
operating the pre-planning system, as well as 
the principles and methods of developing each 
element. The components shall be reviewed 
and harmonized before the whole system is 
tested and introduced for public operations.  

The paper will also cover the advantages 
and disadvantages of placing facilities to uus, 
implementing large projects with wide range of 
social functions, public transportation, parking 
facilities etc – and less visible, but useful 
multipurpose utility corridors, plants, energy 
storage, industrial facilities, improving the quality 
of life for a more resilient city above the surface.

2 ConClusion

reviewing of the existing, and planning the new 
use of underground space, and setting strategic 
directions, master plans for the 21st century are 
paramount for policy makers and planners in 
cities world-wide.  

This paper intends to promote and assist the 
understanding the importance of professional 
management and control of the valuable 
underground space. Well selected and planned 
underground facilities offer many benefits, 
decreasing the environmental impacts and 
improving the quality of life in the cities. Proper 
planning steps and procedures can assist 
to provide lifecycle cost-benefit analysis and 
selection of using the underground space for the 
best civil or social infrastructure project.

KeYWorDs: planned use of underground space, legal rules, mapping, integrated master plan
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The role of temporary support in the design of the final lining 
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1 inTroDuCTion

Tunnel final lining is a complex geotechnical 
and structural project since the design strongly 
depends on the interaction of the system 
surrounding geomaterial - temporary support - 
final lining in the case of conventional tunnelling. 
Therefore the role of temporary support 
measures, even if they are finally deactivated 
or removed, is significant, since they affect 
the stress history in the vicinity of the tunnel. 
The present paper describes the long-term 
performance of temporary support based on 
data from literature and investigates the load 
transfer from temporary support to final lining 
and the role of face treatment measures to the 
final lining loading via numerical analyses. 

There is little available data in literature 
regarding the performance of shotcrete, steel 
sets and rock bolts during tunnel service life. 
However, a significant number of projects, in 
which the temporary support measures were 
adopted as long-term support, have been 
reported in recent publications. Thus, these 
projects should be monitored very thoroughly, 
so as to evaluate if and how these measures can 
be taken into account as permanent structures.

The incorporation of shotcrete shell in 
the permanent structural system may lead 
to a significant decrease of the total cost. 
Prerequisites for this approach are guidelines 
that will describe the specifications and 
construction quality control during the excavation 
that corresponds to a permanent structure. 

The assumption of full deactivation of all the 
temporary support measures may not always 

be realistic or conservative for the dimensioning 
of the final lining. The temporary support 
measures may be not deactivated, or they can 
be fully, partially or locally deactivated. This may 
lead to a very large number of design scenaria 
and a complicated design procedure. Therefore, 
based on the particularities of each project, the 
critical situations should be chosen to create an 
envelope for the final lining design.

in case that long-term deactivation of the 
shotcrete shell is assumed, shotcrete load 
is completely transferred to final lining in 
unfavourable geotechnical conditions, whereas 
this percentage continuously decreases as the 
geotechnical conditions are improved (psh,m/
pfl,m=0.40-1.00). The sequential excavation 
may lead to a decrease of the final lining loads, 
but also to higher values of eccentricity of the 
final lining axial force (e=M/N).

The installation of rock bolts, contributes to 
the decrease of the displacements and moments 
in the shotcrete shell during the excavation, 
but also leads to the increase of the final lining 
load, since it increases the equivalent stiffness 
of the temporary support section. Moreover 
the deactivation of specific and not all bolts, 
may result to higher shear forces. finally, the 
role of the face treatment measures should be 
taken into account in final lining design, even if 
they are removed during the construction (e.g. 
fibreglass nails).

KEYWORDS: temporary support, final lining, shotcrete, deactivation, load transfer.
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1 inTroDuCTion

China has invested heavily on infrastructure 
in recent decades to maintain and stimulate 
the economy growth. since 2003 more than 
10% of China’s GDP has been spent on its 
infrastructure. The construction boom provides 
an unprecedentedly huge market for TbM 
manufacturers at home and abroad.

over 4,000 km metro would be newly built 
by 2020 according to rail transit system plans 
of cities (figure1). it is estimated that over 
1000 TbMs will be needed for metro alone 
by 2020. The number of TbMs used in roads, 
rails, water and other tunnels will also definitely 
becoming more and more in light of technology 
development and the expansion of roads and 
railways to mountainous area. 
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figure 1. Metros in main cities would be newly constructed 
before 2020

although the market is huge, the competition 
between manufacturers is becoming more 
and more intense. Those manufacturers from 

German and Japan occupy the most market 
share among foreign manufacturers but local 
counterparts have also appeared in the last 
decade by seeking governments support or 
cooperating with foreign manufacturers. Table 
2 shows the main strengths and weakness of 
different types of TbM manufactures.

Table 2. Different types of manufacturers in China

Main strengths Main Weakness

local
support by 

governments
lack core technology

Japan lower price
narrow application 

conditions
europe & 
america

strong brand image 
and r&D capability

High price

Technology should also be innovated 
owning to complex geology, complicated city 
conditions and the fact that more long tunnels 
with great cross-section and overburden would 
be built in China.

2 ConClusion

The analysis indicates that the tunnel construction 
boom is coming in mainland China. This is due 
to the heavy investments on infrastructure by the 
governments and construction centers shifting 
from coastal cities to inland cities. However, the 
competitions would be much more intense due 
to both local and foreign TbM manufacturers 
seek to share the market. Technical innovation 
would be developed to meet the challenging 
requirements.

KeYWorDs: TbM market, mainland China, perspective, manufacturers, technology.
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Evaluation of Loosening Earth Pressure Acting on Large 
Diameter Shield Tunnel in Deep Complex Strata
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Shanghai municipal engineering design institute (group) Co. Ltd, Shanghai 200092, China

1 inTroDuCTion

With the rapid economic development of 
China, the land in city is to be yet scarcer. The 
great diameter of tunnel constructed by shield 
tunneling method is adopted to solve the traffic 
of city. The shield tunnel with an outer diameter 
of 14.5m is planned in the Zhoujiazui road 
cross-river tunnel in shanghai. The tunnel is 
a single tube with two road surfaces. To avoid 
the deep pile foundation in the dock of Huangpu 
river, the maximum thickness of overburden 
soil of shield tunnel is 44.4m in the preliminary 
design phase. The strata from the crown of 
shield tunnel to the 1.4D level (D: outer diameter 
of tunnel) are hard and the strata from this level 
to the ground surface are soft. figure 1 shows 
the longitudinal profile of shied tunnel under 
the pile foundation of the dock. The Terzaghi 
loosening pressure is often used in sandy soil 
and rock. it is a dilemma for civil engineers to 
determine whether the loosening earth pressure 
can be used in deep complex strata. even in the 
Chinese design codes concerning shield tunnel, 
it is not explicit. based on the shield tunnel 
design method, the four calculation methods of 
soil pressure are discussed such as Total weight 
of overburden, Terzaghi’s loosening pressure, 
layered Terzaghi’s loosening pressure, 
separate calculation method according to hard 
and soft soil layers.

The complex strata are divided into soft 
and hard ones according to the mechanical 
parameters of soil. The earth pressures of soft 
and hard strata are calculated separately and 
then the internal forces of tunnel are analyzed.
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1 INTRODUCTION 
With the rapid economic development of 

China, the land in city is to be yet scarcer. The 
great diameter of tunnel constructed by shield 
tunneling method is adopted to solve the traffic 
of city. The shield tunnel with an outer diameter 
of 14.5m is planned in the Zhoujiazui Road 
cross-river tunnel in Shanghai. The tunnel is a 
single tube with two road surfaces. To avoid the 
deep pile foundation in the dock of Huangpu 
River, the maximum thickness of overburden 
soil of shield tunnel is 44.4m in the preliminary 
design phase. The strata from the crown of 
shield tunnel to the 1.4D level (D: outer 
diameter of tunnel) are hard and the strata from 
this level to the ground surface are soft. Figure 1 
shows the longitudinal profile of shied tunnel 
under the pile foundation of the dock. The 
Terzaghi loosening pressure is often used in 
sandy soil and rock. It is a dilemma for civil 
engineers to determine whether the loosening 
earth pressure can be used in deep complex 
strata. Even in the Chinese design codes 
concerning shield tunnel, it is not explicit. 
Based on the shield tunnel design method, the 
four calculation methods of soil pressure are 
discussed such as Total weight of overburden, 
Terzaghi’s loosening pressure, Layered 
Terzaghi’s loosening pressure, Separate 
calculation method according to hard and soft 
soil layers. 

The complex strata are divided into soft and 
hard ones according to the mechanical 
parameters of soil. The earth pressures of soft 

and hard strata are calculated separately and 
then the internal forces of tunnel are analyzed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 Longitudinal profile of shied tunnel under the 
pile foundation of the dock 

2 CONCLUSION 

The four calculation methods of earth 
pressure are discussed and used in the design of 
Zhoujiazui road tunnel in practice. The 
calculation results of four methods show 
obvious difference and it is difficult for civil 
engineers to select the reasonable method. The 
separate calculation method according to hard 
and soft soil layers is described here. It should 
be considered during estimating the earth 

Research on loosening earth pressure of shield tunnel with great 
diameter in deep complex strata 
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Figure 1. Longitudinal profile of shied tunnel under the pile 
foundation of the dock

2 ConClusion

The four calculation methods of earth pressure 
are discussed and used in the design of 
Zhoujiazui road tunnel in practice. The calculation 
results of four methods show obvious difference 
and it is difficult for civil engineers to select the 
reasonable method. The separate calculation 
method according to hard and soft soil layers is 
described here. it should be considered during 
estimating the earth pressure of shield tunnel 
with great diameter in deep complex strata.

KeYWorDs: earth pressure, shield tunnel, great diameter
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Changing role of client for tunnel projects in the Netherlands 
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1 inTroDuCTion

in the netherlands, 22 motorway tunnels belong 
to the assets of rijkswaterstaat (the executing 
branch of the Dutch Ministry of Transport and 
the environment) in a time span of just over 
60 years. During this period, the roles of both 
rijkswaterstaat (client) and the contractors 
(market) have changed significantly regarding 
tunnel building projects; a development that 
has taken place in other countries as well. 
up to the mid-1970’s, rijkswaterstaat would 
make the entire design of a tunnel. This way, 
rijkswaterstaat had optimal control of the 
design and contractors had little responsibility 
for the final result, other than quality control. 
later on, in the late-1970’s up to the early- 
1990’s, rijkswaterstaat decided to gradually 
increase the role of the market in tunnel projects 
and to decrease its own, to achieve a more 
balanced allocation of the risks. furthermore, it 
was believed that market parties could achieve 
a more optimal design with a D&C contract, thus 
saving costs.

To allow for this change of roles, new 
types of contracts were applied, e.g.: D&C 
(Design & construct), DbfM (Design, build, 
finance, Maintain) to allow for enough freedom 
of design and to create new ways of dealing 
with responsibilities. These new contract types 
require a different approach in specifying the 
requirements of the desired solution compared 
to a conventional contract. With these new 
contract types and changing roles, new risks 
regarding both technical and contractual 
matters arise. 

for instance, main project risks arise with the 
design specifications. If these specifications are 
not written properly (i.e. the client’s expectations 
are not defined correctly), issues will arise in 
a late stadium of the project, bringing major 
consequences.

2 ConClusion

The civil design of tunnels did not change very 
much in time; it’s the tunnel installations that 
make the difference. The changing roles of both 
the client and the market had to follow these 
changes; combined with the developments in 
technology this proved to be a real challenge. 
for the civil part of tunnel design, the transition 
went quite smooth with (very) little problems. 
on the other hand, for the design of tunnel 
installations the transition proved to be difficult. 

The development of a Dutch tunnel standard 
combined with an amendment of the Dutch 
building law made it easier for tunnel builders 
in the Netherlands to define and design the 
tunnel according to the client’s wishes and 
specifications.

KeYWorDs: client’s role, risks, tunnel installations, tunnel standard,
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1 inTroDuCTion

Measurements were carried out in the course of 
the investigations for five years to establish the 
overconsolidation ratio of the overconsolidated 
clay caused by a preliminary loading, and the 
value of the resulting horizontal stress.

We were carrying out measurements 
through the installation of a borehole cell to 
establish the overconsolidated ratio. Then we 
processed the results of the measurements with 
selfboring pressuremeter to determine the oCr 
value.

We used to determine the value of the 
coefficient of the earth pressure at rest the 
measurement results provided by the borehole 
cell and by the selfboring pressuremeter 
investigations. in the course of these 
investigations we determined not only the value 
of the coefficient of the earth pressure at rest but 
the research group investigated its evolution in 
depth too. 

The stress history of clay soils is classically 
determined from one-dimensional oedometer 
tests on undisturbing samples. 

in a CPTu test, we cannot penetrate harder 
soil strata, therefore this method is sufficient 
only to reach the upper, weathered layers of 
the overconsolidated clay. in larger depths, 
the oCr value can be determined by using 
laboratory compression tests. 

following the analysis of the in-situ and 
the laboratory tests, we compared the results 
obtained by the different test methods (see 
figure 1).

 
 

 

figure 1. oCr value versus depth value based on laboratory 
tests, CPTu, sbP

2 ConClusion

it can be established that in the event 
of overconsolidated soils, performing an 
appropriate number of tests is a great necessity in 
order to determine layer properties as accurately 
as possible. from among the available test 
methods, the use of a selfboring pressuremeter 
in addition to the CPTu, the pressuremeter and 
the borehole cell measurements, while from 
among laboratory tests the oedometer test are 
suitable for determining the overconsolidation of 
a soil layer.

KeYWorDs: in-situ measurement, overconsolidated soil, earth pressure at rest.
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1 inTroDuCTion

using numerical simulation tools, the study 
mainly discusses the mechanical behavior of 
cobble rock mass during tunneling in Chengdu 
metro line 1. Cobble rock mass could be 
regarded as an assembly of discrete particles 
with the micro parameters of the rock mass have 
a significant impact on its macro mechanical 
behavior. force is transmitted through particles, 
particle interactions are fast. When excavating 
in gravel cobble stratum, not sufficient tunnel 
face pressure is applied, then large cavern 
area will occur above the face and cobble 
rocks are loosened consecutively. Due to the 
characteristic of such rock mass, conventional 
study method in continuous medium is no longer 
available, thus in the study granular discrete 
element method (basically particle follow code) 
is applied. 

The model dimensions are 30 meters wide 
by 30 meters long by 20 meters in tunnel 
longitudinal direction. The rock block is defined 
by an assembly of 12,500 particles of uniform 
radius that give a porosity of ~ 10%. after initial 
compaction and gravity applying, all of the balls 
are glued together with contact bonds (normal_
bond = 100 kn and shear_bond = 1 Mn) and 
assigned a friction coefficient of 0.7.

figure 1. numerical simulation model.

2 ConClusion

The numerical simulation results show that when 
supporting force is relatively low at the tunnel 
face, being not able to maintain the stability of 
the face, then large displacement happens in 
the frontage of the heading, and the stress of 
the rock mass is loosened. With time lapse, 
displacement becomes larger and the loosen 
area of the rock mass extends, and then tunnel 
face collapses. Moreover, support force on the 
tunnel face is calculated by studying the relation 
of the supporting stress ratio and displacement 
in longitudinal direction. With the help of 
Chengdu metro line 1 project, it proves that 
PfC is applicable in analyzing the mechanical 
behavior in cobble rock mass during tunneling.

KeYWorDs: Gravel cobble, shield tunnel, granular discrete element method.
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1 eXPerienCe on Various 
ConsTruCTion loTs 

for the upgrading of the lower inn Valley 
railway line in Tyrol, austria, a new double-
track High speed railway (Hsr) was built close 
to the existing line. approx. 80% of this new line 
runs in mined tunnels, cut & cover tunnels and 
in trough structures. The crossing of the a12 
motorway, the existing railway line and the inn 
river was required several times. This 40 km 
stretch was divided in 10 construction lots. 

owing to the geological and hydrological 
conditions (inn river sand& gravels and ground 
water) in most of the construction lots, special 
construction methods using extensive ground 
treatment for soil improvement and/or to reduce 
permeability were required.

as a subsequence, technically challenging 
jet grouting works had to be carried out during 
mined tunnel construction. So for the first time 
horizontal jet grouting umbrellas were installed 
as an advanced support under compressed air 
conditions (lot H7). Jet grouting works carried 
out from the surface were equally challenging 
due to the high demands of safety and the 
highly complicated geometries of penetration 
patterns (lot H4-3). Jet grouting was also 
applied to minimize settlements (H5) and to 
reduce the risk of blow out during slurry TbM 
drives. furthermore, mixed face conditions, at 
the interface between soil and bedrock, was 
improved with jet grouting (lot H8). 

as a result of the experience gained in this 
project, all jet grouting works carried out in the 

first construction stage of the Lower Inn Valley 
railway line have been analyzed and assigned 
to the various areas of application of the jet 
grouting procedure and were assessed in detail. 

2 ConClusion

The execution of ground treatment in general 
and jet grouting in particular is a state of the art 
application in tunneling and for construction of 
underground structures in soils. 

There are in principle two ways to describe 
these works in a construction contract:

1) constructive, which means in accordance 
with standard service catalogues and the 
respective standards for work contracts or

2) (partly) functional based on performance 
specification.

Depending on the individual situation or 
the particular scope in a project both types are 
justified solutions. One of the main differences 
is that for a functional tendering more detailed 
information on geology and system behavior has 
to be provided during the tendering process. it 
also allows the specialist jet grouting contractor 
to contribute more of his expertise. 

an essential factor for the successful 
application of jet grouting works is a good 
working quality system. 

in addition, the jet grouting work should be 
accompanied from the beginning by a specialist 
engineer in ground improvement works.

KeYWorDs: soft-ground, tunneling, ground treatment; jet grouting
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1 inTroDuCTion

This presentation aims to demonstrate the need 
for passive fire protection of the concrete load 
bearing parts of the tunnel and all attached 
elements that complement the fire safety of 
underground spaces , such as:

•	 Improved fire resistance of structures.
•	 air supply/smoke extraction systems/ ducts.
•	 Provision for services and galleries for efflu-

ent.

Passive fire protection is a permanent 
solution to the tunnel and does not require 
external activation or triggering in the case of 
a fire. This paper does not cover active fire 
protection such as sprinkler systems. it is aimed 
at analyzing the role of passive fire protection 
within tunnels, and underscoring the need to 
make tunnels safer.

Tunnels safer, relates to 3 objectives:

•	 Minimize the rate of temperature rise in the 
steel reinforcement and the structural con-
crete, with a view to maintain the structural 
integrity during and after the fire (this in-
cludes preventing cracks in the concrete at 
the unexposed side, possibly yielding post-
poned sudden and unexpected failure and 
collapse, long after the fire has been extin-
guished).

•	 To reduce or eliminate the risk of total loss 
due to explosive spalling of the concrete sur-
face (as a consequence of vapor pressure 
development within the concrete).

•	 To maintain the services necessary to oper-
ate during the fire incident, such as ventila-
tion systems, escape routes, etc.

The tunnel fires behave differently when 
compared to fires inside buildings. Fires in 
tunnels yield very high temperatures, and may 
extend over a long period of time. The nature 
of the fuel, which may contain much more 
plastics and gasoline (capable of releasing large 
amounts of heat in a short time) also provides 
an additional risk and a different severity of the 
risk compared to normal buildings.

in recent years a lot of research has been 
carried out, to determine the types of fires that 
could occur inside tunnels or underground spaces.

These studies comprised also fire test, which 
have been performed both in the laboratory as 
well as in full scale (abandoned) tunnels.

a safe design of an underground structure, 
involves obviously much more than just 
maintaining the structural integrity.

That’s why it is essential to have 
complementary and sometimes also alternative, 
or back-up, systems that complement the 
protection of the underground facility.

2 ConClusion

in long tunnels, galleries and evacuation 
services should be part of the design of the 
tunnel. Recent fires in tunnels have shown 
that exposure to smoke and toxic fumes from 
burning vehicles and goods transported, is the 
main cause of loss of life, and victims have been 
found even at relatively long distances from the 
origin of a fire. The provision of evacuation is 
therefore imperative in long tunnels, both for the 
protection of the passengers of the vehicles, 
until they can be rescued, and from the point 
of view of the emergency services, which are in 
need of shelter.

KEYWORDS: Reduced acceptance of risk / failure, reducing consequences and probabilities of fire
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1 inTroDuCTion

underground caverns are used  for a variety of 
purposes. These include  caverns  for Desilting, 
surges,Turbine,Generators & Transformers, etc.

in hydroelectric projects, caverns for storage 
of liquid or gaseous  fuels, underground 
caverns warehouses and underground sports 
facilities. because  of the  high capital costs and 
the risks associated with public access to these 
facilities, care has to be taken in the design 
of the caverns to ensure that potential risks 
are kept to an absolute minimum while, at the 
same time, providing cost effective and practical 
engineering solutions.

Design engineering of any underground 
structure in rock mass requires knowledge 
of the prevailing in-situ stress field. The prior 
knowledge of the prevailing stress field helps in 
the finalization of orientation of such cavities. 

The design of support system for the 
underground carven is guided by  many factors 
such as the jointing pattern in rock mass which 
governs the structural stability of the wedges 
or blocks of rock which are formed due to the 
intersection of joints. another very important 
factor is the in-situ stress condition. Knowledge 
of the virgin stress field is very important in 
many  problems dealing with rocks. There are 
three parameters generally used for fixing the 
orientation of underground opening by Geo-
engineers; direction and magnitude of in-situ 
principle stresses, the wedge formation in 
jointed rock mass and the structurally controlled 
orientation perpendicular to strike direction 
of rock where any weak zone as sheared, 
shattered, weathered rock mass is expected 

along the strike of rock mass.  rock at  depth  is 
subjected to stresses resulting from the weight 
of overlying strata and from locked in stresses of 
tectonic origin. When an opening is excavated 
in rock, the stress field is locally distributed  and 
a new set of stresses are induced in the rock  
surrounding the opening. A difficult task for geo- 
engineers involved in design of underground 
cavern in Himalayas is to finalize the orientation 
of cavern after taking care of the direction of 
minimum support pressure, direction of major 
principal stresses, direction of strike of rock to 
avoid the week features, and the direction best 
fitted as per topography of the area.

figure1. layout of the Hydro Power Project.

2 ConClusion 

The present paper is a case study from indian 
Himalayan area where orientation of the three 
parallel cavities for underground caverns for a 
mega hydroelectric project has been finalized 
from a practical point of view with the goal to 
minimize stress concentration problems, create 
a stress field as uniformly distributed as possible 
in the excavation of underground structures with 
optimum and effective support system.
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Prerequisite Tasks for Construction of Deep Underground 
Road in Korea: Part 2. Fire protection, ventilation in tunnel and 
underground road
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Korea Institute of Construction Technology, Goyang, Republic of Korea.

Y. W. Chun
National Disaster Management Institute, Seoul, Republic of Korea.

s. K. lee, J. H. Park
Ministry of Land, Infrastructure and Transport, Sejong, Republic of Korea.

1 inTroDuCTion

in Korea, there has a sustained interest in 
the construction of deep underground roads 
such as Dreamway in busan and plans for 
Dongbu expressway and seobu expressway 
after the proposal for a plan to construct 
u-smartway in seoul in 2009. With the recent 
inclusion of Jemulpo Tunnel in seoul and 
seobu expressway in the actual design plan, 
an interest in the design, construction and 
operation of deep underground roads has 
been growing. However, since a plan for deep 
underground roads such as u-smartway is an 
unprecedented large-scale project in Korea, 
it is necessary to establish a new concept in 
areas related to laws, institutions and tunnel 
construction technologies, etc. (lim et al, 2010).

at present, there is no design code suitable 
for the characteristics of deep underground 
roads in Korea and overseas, the existing 
universal design standards are being applied to 
the design of deep underground roads in Korea. 
Thus, there is a need to establish design code 
suitable for characteristics of deep underground 
roads located in the downtown area, and 
cooperation of various sectors (roads, tunnels, 
geotechnical studies, structures, ventilation, 
fire protection and lighting, etc.) is required to 
establish these standards. 

Tunnel ventilation and fire protection area 
also require establishing standards suitable 
for characteristics of deep underground roads 
as it uses the design standards applied to the 
existing mountain tunnels in the design. since 

deep underground roads are located in the 
downtown area with huge amount of vehicle 
use, and frequent vehicle congestion can 
occur within the long tunnels, it is required to 
modify and supplement relevant standards 
in consideration of these conditions. in this 
regard, this study attempts to identify the need 
to establish standards in relation to ventilation 
and fire protection of deep underground roads 
by deriving key issues to be considered for deep 
underground roads based on the investigation 
and comparison of domestic and overseas 
cases related to ventilation and fire protection 
within the tunnel. 

2 ConClusion

for the establishment of standards for deep 
underground roads which are still not prescribed 
in Korea as well as overseas, main issues to be 
considered in the deep underground roads were 
derived based on the comparative analysis of 
domestic and international cases related to 
ventilation and fire protection area. Based on 
the results, the need for establishing standards 
and future research assignments was identified, 
and the following conclusions were obtained. it 
is required to establish standards that take full 
consideration of efficiency, economic feasibility 
and stability through a variety of surveys and 
investigations.

KEYWORDS: deep underground roads, tunnel, fire protection, ventilation, pollutant
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The Study on the Resistance Difference of Shield TBM 
Segment according to Support and Loading Condition of 
Bending Test

s.Y. Koh, C.H. Hwang, s.J. Kwon, Y.H. Kim and s.Y. Choo
DANWOO E&C, Sungnam, South Korea

1 inTroDuCTion

for investigating the performance of new 
developed segmental lining, the failure load 
used to examine in flexural test. Most are based 
on the three-point bending test of rileM Code 
or the flexural test of slab because there is no 
proper flexural test standard in tunnel. Actually 
the boundary condition of rileM code is roller-
roller support which is not appropriate for support 
condition of segmental lining. and, it is not easy 
to consider the distributed load condition around 
ground so segmental lining used to carry out 
with point loading condition.

in this study, general segmental lining 
flexural tests were carried out and non-linear 
analyses were conducted by each support 
condition and loading condition. Then failure 
load in flexural test were compared with the 
non-linear analyses results according to support 
condition and loading condition.

 

 

figure 1. load-strain curve of test

Table 1. Results of analyses and flexural tests according to 
boundary conditions

boundary
Condition

Point
load

Distributed
load

Case1 Hinge-roller 553kn 1,740kn
Case2 Hinge-Hinge 32,680kn 120,120kn
Case3 fixed-fixed 21,110kn 48,930kn

 

 

figure 2. Comparison of design failure load

2 ConClusion

The design failure load of roller-hinge support 
condition in analysis was shown similar value 
of segment fracture test. When distributed 
load acting on the segment, the safety margin 
is three times bigger than point load case. so, 
the design failure load in segment fracture 
test has more margin than actual segment in 
underground.

The presented results have been 
represented that the segment lining fracture test 
has 2 times more margin than actual segment 
lining acted on distributed loads.

KeYWorDs: segment bending test, segment analysis, support condition
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Design of 20 m Deep Excavation with Permanent Anchored 
Secant Bored Pile Wall (SBPW) and Contiguous Bored Pile 
Wall (CBPW) as Retaining Structure of Cut and Cover Tunnel 
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G. Gungor, s. Kiziroglu, a. sirin, s. Kucukaslan
General Directorate of Turkish Highways, Ankara, Turkey

1 inTroDuCTion

Deep excavations are common for tunnel 
constructions in urban areas nearby existing 
structures. in this paper, design of deep 
excavation of cut and cover tunnel for Portal 
of dual tube Konak Tunnel in the Konak 
Square in İzmir, is presented. The maximum 
height of excavation is 20 m. at the right side 
of excavation section with maximum height, 
adjacent 5 storey masonry museum building is 
located. for the staged excavation of cut and 
cover tunnel structure, secant bored pile walls 
(sbPW), contiguous bored pile walls (CbPW) 
with and reinforced concrete deck (rCD) are 
designed as components of portal structure.

Proceedings of the World Tunnel Congress 2014 – Tunnels for a better Life. Foz do Iguaçu, Brazil. 

1 

1 INTRODUCTION 

Deep excavations are common for tunnel 
constructions in urban areas nearby existing 
structures. In this paper, design of deep 
excavation of cut and cover tunnel for Portal of 
dual tube Konak Tunnel in the Konak Square in 
İzmir, is presented. The maximum height of 
excavation is 20 m. At the right side of 
excavation section with maximum height, 
adjacent 5 storey masonry museum building is 
located. For the staged excavation of cut and 
cover tunnel structure, secant bored pile walls 
(SBPW), contiguous bored pile walls (CBPW) 
with and reinforced concrete deck (RCD) are 
designed as components of portal structure. 

 

 
Figure 1.Cut and cover structure with SBPW and CBPW, 

application plan 

 
     A series of finite element simulations have 
been carried out to obtain better insight into the 
performance of the excavation support system 
for the Konak Tunnel cut&cover structure exca-
vation. The deformation calculations and the 
performance of lateral support systems and de-
formation based calculations have been carried 
out with all using the plane – strain models in 
PLAXIS 2D and 3-D continuum models in        
MIDAS 3D finite element package programs. 

2 CONCLUSION 

According to analysis results, the lateral earth 
support system was very successful in control-
ling lateral wall movements of walls and total 
displacements that may occurred under museum 
building. The 2D and 3D analysis results are in 
well compliance.  
 
   The excavations in Konak Tunnel cut and 
cover tunnel have been started recently. The 
analysis will be verified by the detailed instru-
mentation results. 
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figure 1. Cut and cover structure with sbPW and CbPW, 
application plan

A series of finite element simulations have 
been carried out to obtain better insight into the 
performance of the excavation support system 
for the Konak Tunnel cut&cover structure 
excavation. The deformation calculations and 
the performance of lateral support systems 
and deformation based calculations have been 
carried out with all using the plane – strain 
models in PlaXis 2D and 3-D continuum 
models in MIDAS 3D finite element package 
programs.

2 ConClusion

according to analysis results, the lateral 
earth support system was very successful in 
controlling lateral wall movements of walls and 
total displacements that may occurred under 
museum building. The 2D and 3D analysis 
results are in well compliance. 

The excavations in Konak Tunnel cut 
and cover tunnel have been started recently. 
The analysis will be verified by the detailed 
instrumentation results.

KeYWorDs: deep excavations, cut and cover tunnel, secant bored pile walls, permanent anchors
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New design of a single arch deep located station for Kyiv metro

D. V. Kot
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1 inTroDuCTion

after analyzing several designs of deep located 
single arch metro stations in Moscow and 
Petersburg authors decided to develop a new 
design for the ground conditions in Kyiv but faced 
the problem of the impossibility of the erection of 
such structures without massive side walls. The 
walls are constructed in the TbM pilot drift, so 
the axis of the pilot drift doesn’t coincide with the 
axis of the main line tunnel  (see figure 1). The 
geological and mining conditions in Kyiv assumes 
that the distance from the crown to the invert of 
the lining should not exceed 13 m. The thickness 
of main layer (marl clay) is 19 m, and they must 
stay above the crown not less than 4 m, and 
under the invert – not less than 2 m. above the 
main layer (marl clay) it is located almost 40 m of 
loamy soil and beneath – a very strong layer of 
medium sand with high friction angle. 

figure 1. existing construction.

Therefore, authors evaluated the effectiveness 
of segmental reinforced concrete multijaw 
lining and designed a construction without 

massive side walls. it was proposed to reinforce 
abutment of the arch with special segment 
(block). it allowed to reduse large amount of 
monolithic concrete. also, this design enables 
maximum use of TbMs (see figure 2). 

figure 2. new construction. 

2 ConClusion

as a result of prior design works executing, the 
station’s construction adapted to the conditions 
of Kyiv has been received. This lining is 
universal. it is suitable for all elements of station 
complex deep location (passenger platform, 
traction substation, crossover camera, etc.). 
Combining axles of pilot drifts with main line 
tunnels provides possibility to increase the pace 
of station’s construction.

KeYWorDs: lining, metro, station.
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Management of unexpected swelling clay on Cairo Metro line 3 
Phase 2
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J.f. serratrice
CETE Méditerannée, Aix-En-Provence, France

When the egyptian-french Joint Venture has 
been awarded the Phase 2 of the Cairo Metro 
line 3 in June 2009, detailed knowledge of the 
anticipated ground conditions was quite limited. 

Ground investigations already performed for 
the bid purpose around Cairo fair station have 
highlighted clay layer just below the raft but 
swelling behavior was not suspected. Ground 
investigations for detailed design purpose have 
later shown this clay layer has a very high 
swelling behavior.

As a consequence, specific investigations 
with mineralogy tests and swelling oedometric 
tests were ordered and showed huge swelling 
capacity with either swelling pressure up to 900 
kPa (if we do not accept any displacement) 
or free swelling (in case of stresses absence) 
around 200%. Then, specific design integrating 
strain-stress behavior of this clay layer was 
defined based on laboratory tests so as to 
manage the swelling behavior on both TbM 
tunnels and station Cut & Cover.

for a deep excavation like Cairo fair Cut 
& Cover station, excavation shall generate 
negative pore pressure and then initiate swelling 

generation for such clayey ground below the raft 
level. so as to master this event over the next 
100 years station lifetime, a fuse layer made 
with a 60 cm thick polystyrene layer with specific 
characteristics such as volume weight around 
24-25 kg/m3 was placed below the station raft. 
such a fuse layer has been designed so as to 
manage up to 30 cm of swelling below the raft, 
without interfering with raft reinforcement.

on the tunnel section, dedicated feM 
analyses were performed on several 
configurations so as to identify the designing 
configuration regarding clay location in 
comparison with the tunnel elevation. it could 
be demonstrated designing configuration 
corresponds to a clay layer located at the bottom 
of the tunnel. Then, strain-stress interaction 
calculations coupled with feM analysis segment 
design showed that although some swelling may 
be generated below the tunnel raft, segment 
design was safe enough and there was no need 
to additionally reinforce the segment. swelling 
below the tunnel shall be in the range of 3% on 
a 2.6 meters thickness, inducing some upward 
limited on the next 100 years.

KeYWorDs: swelling clay, design, cut & cover, TbM tunnel
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On the compatibility between support elements in a rock 
support system for underground excavation

C. C. li 
Norwegian University of Science and Technology, Trondheim, Norway

The tunneling branch has focused on the 
development of external yieldable support 
elements but still uses fully encapsulated stiff 
rebar bolts. The yieldable external support 
elements available nowadays are yield steel 
set, lining stress Controller (lsC), Honeycomb 
element and compressible concrete. The support 
elements are not compatible in deformation in a 
support system consisting of stiff rebar bolts and 
yieldable external support elements. 

2 ConClusion

both the internal and external support elements 
should be yieldable in a satisfactory yield 
support system, as illustrated in figure 1.

 

Load 

Displ. 

Load 

Displ. 

figure 1. a yield support system consisting of deformation-
compatible internal and external elements.

1 inTroDuCTion

a rock support system for underground 
excavation usually consists of internal and 
external support elements. The former are 
installed in the rock mass while the latter on the 
exposed surface of the opening. in squeezing 
and burst-prone rock conditions, the support 
system has to be yieldable in order to avoid 
premature failure. The concept of yield rock 
support has been accepted in both mining 
engineering and tunneling, but the efforts to 
make the support system yieldable have been 
focused on different aspects in the two branches. 
The mining industry does not often use heavy 
external support elements because of the short 
service life of underground openings. The effort 
has been put on the development of yield rock 
bolts so far. such types of rock bolts include the 
cone bolt, the Garford solid bolt, the Yield-lok 
and the D-bolt. all these yield rock bolts consist 
of smooth steel bars, but with different anchoring 
mechanisms. The first three types are two-point 
anchored in boreholes with an inner anchor in 
the hole and an outer “anchor”, i.e. the bolt face, 
on the wall. The bolts accommodate rock dilation 
either by the inner anchor ploughing through 
the grout (the cone bolt and the Yield-lok) or 
slippage of the bar through the inner anchor (the 
Garford bolt). The D-bolt is multi-point anchored 
in the borehole. it accommodates rock dilation 
by fully mobilizing the deformation capacity of 
the bolt steel. 

KeYWorDs: rock support, ground support, support elements, compatibility, tunneling, underground 
excavation 
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1 inTroDuCTion

The stockholm bypass is a 21 km long 
motorway west of stockholm, sweden, and is 
intended to replace the aging motorway system 
going through the city. The stockholm bypass 
requires excavation of approximately 50 km of 
rock tunnels including two main tunnels with 
tree traffic lanes in each, underground junctions 
and access ramps. The project is at the time 
of writing in the detailed design phase and the 
building phase is planned to start in summer 
2014. 

swedish Transport administration, 
Trafikverket, has made strategic decisions 
about using requirements management and 
modern design techniques for more efficient 
design, building and operation phases. 

The stockholm bypass is founded on 
different types of specific requirements such 
as functional, economical, environmental 
requirements and swedish standards. a 
database has been set up at the start of the 
detailed design phase to provide the designers 
with a consolidated list of requirements.

The requirement database is used 
in combination with Virtual Design and 
Construction (VDC). Traditional drawings 
have been replaced as much as possible with 
building information models (biMs). Prior to the 
detailed design, the tunnel system has been 
broken down into parts that are designed as 
biMs. integrated Concurrent engineering (iCe) 
methods enable multiple stakeholders to work 
collaboratively using models. all design work is 

hosted by the project’s common design platform 
that is accessible to all project stakeholders. 
The fulfillment of the design requirements is 
constantly verified during the design.

addressing design issues late in the design 
process is often very time-consuming. This risk 
is strongly reduced in the stockholm bypass as 
the design result is successively reviewed and 
accepted by the client in a series of coordinated 
meetings. at the end of the design process, a 
final review by the client focusing on consistency 
flaws will be carried out.

2 ConClusion

The advantages of using biMs in the detailed 
design are numerous. The quality of the 
produced biMs and documents is noticeably 
higher than for a traditional 2D-CaD based 
design. Models are also used to estimate the 
quantities.

The collaboration between stakeholders 
during the design has been strongly improved 
with better and quicker communication.

How ready the market is to use biMs in 
construction is somewhat unknown but the 
ambition of Trafikverket is to help the building 
sector to modernize its process. Trafikverket 
has been repeatedly announcing their ambitions 
to favor biMs instead of drawings in all phases 
of the stockholm bypass. When the tendering 
phase begins, the building industry will be ready 
to meet the ambitions of Trafikverket of using 
VDC and biM in the stockholm bypass.

KeYWorDs: tunnel, VDC, biM, models, requirements, review.
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comparison of design predictions with monitored results
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1 inTroDuCTion

in the paper is shown, the Geodata experience, 
carried out for the project of dewatering for the 
ventilation shaft Paulo Eirò, the shafts stations 
of Alto da Boavista and the tunnel of Roque 
Petrella.

The paper present the result of theoretical 
studies (prediction of the flow rate) carried out 
in the project based on the geotechnical model 
compared with monitoring data and numerical 
analysis carried out.

for the three station station we carried out 
a comparison between the analytic solution, the 
numerical model and the monitoring data:
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figure 1. Camparation - monitoring data and project previsions 
Alto da Boavista.

and present the comparison between 
numerical model result’s and monitoring data in 
terms of evolution in the time of the phreactic level.
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figure 2. Piezometric level from numerical analysis compared 
with monitoring data (inside the excavation area).

2 ConClusion

in the paper the main results of dewatering 
calculation (analytic and numerical analyses) 
carried out in order to evaluate the ground water 
control for the real case of the ventilation shaft 
of Paulo Eirò, station of Alto da Boavista and 
tunnel of Roque Petrella, are reported.

The good agreement between monitoring 
data numerical analysis and analytic evaluation 
highlights the need use different tools when 
dealing with such complex problems.

KeYWorDs: Dewatering, permeability, sensitivity analysis, numerical model.
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ADECO-RS as an effective tool to be able to realize them 
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1 inTroDuCTion

in ancient times, the underground was used 
much more wisely and intensively than it is 
today, especially considering the differences in 
technology available. This is mainly caused by 
modern distrust towards building underground 
works due to the inability of the approaches 
used in the recent past (and used also today) 
in design and construction to guarantee the 
success of investments and the certainty of 
the construction times and costs in the same 
manner as overground works.

This distrust no longer has reason exist: 
the experience of the construction – greatly 
within the foreseen times and costs, and with 
an almost nonexistent percentage of injury at 
the excavation face – of an exceptionally vast, 
heterogeneous and difficult work such as the 
new high-speed bologna-florence railway 
line crossing the apennines, has proven 
that the aDeCo-rs approach (which was 
established in 1980 by the present author and 
his collaborators, specifically to industrialize 
underground works, and was intensively 
tested in italy since 1990) is indeed capable of 

successfully handling any type of ground and 
stress-strain behaviour within the given times 
and costs. The great spaces available at the 
excavation face, due to full-face advance even 
in the most difficult situations, allows the use of 
big and powerful machinery capable of  reaching 
high industrial production levels in accordance 
with the geological conditions and stress-strain 
behaviours being faced. The work environment 
at the face is agreeable and the need for a 
reduced number of miners ensures extremely 
high safety levels, the likes of which are unheard 
of with other systems. The apparent higher cost 
of a tunnel built using ADECO-RS is justified by 
the higher safety standards guaranteed at the 
excavation face (respect of human lives) and by 
the vast financial savings due to the high-level 
of industrialization (respect of construction times 
and construction costs).

2 ConClusion

ADECO-RS may be the way for a more confident 
approach towards the use of the underground 
as a possible new space for man and for his 
activities.

KeYWorDs: WiDeninG, naZZano, aDeCo-rs
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1 inTroDuCTion

Prediction of construction time and cost is 
important to make a reliable choice of excavation 
method; to avoid schedule delays, budget 
overruns and to control the risk management for 
tunnelling projects.

for hard rock Tunnel boring Machine (TbM) 
projects, penetration rate is key factor for 
prediction of construction time and cost.

rock boreability is composed of intact 
rock properties and rock mass parameters 
influencing TBM penetration rate. 

in the nTnu prediction model the rock 
mass fracturing factor (ks) is used to include the 
influence of the rock mass influence on hard 
rock TbM performance prediction.

The main purpose of the paper is to present 
an evaluation of the suitability of the rock mass 
fracturing factor (ks) as an appropriate tool for 
considering the influence of the rock mass on 
the penetration rate of hard rock TbMs.

A field work with geological engineering 
back mapping and TbM log data analysis with 
a total length analysed of 1,200 m was carried 
out in order to analyse the rock mass in an 
empirical manner. The recently finished EIDI2 
Tunnel project in faroe islands was chosen for 
conducting the field work due to the satisfactory 
research conditions.

figure 1 shows the relationships between ks 
and penetration rate (described previously) and 
thrust. Good correlations are obtained in both 
cases.

Higher ks values mean higher penetration 
rates and lower thrust applied.

 

figure 1. Correlation of the fracturing factor (ks) with the net 
penetration rate and the thrust without mixed face data

figure 1 suggests that there is a more 
pronounced influence of the rock mass 
fracturing factor (ks) on the penetration rate for 
higher ks values.

at low ks values, the penetration rate 
increases due to the influence of thrust. At high 
ks values, rock mass properties exert a greater 
influence on TBM performance.

2 ConClusion

The rock mass fracturing factor (ks) has proven 
to be a good representative of the rock mass 
boreability on hard rock TbM tunnelling.

ks is indicated to be simple, concise and able 
to reflect the rock mass influence on hard rock 
tunnel boring performance prediction.

KeYWorDs: rock Mass boreability, fracturing factor (ks), Hard rock TbM, Penetration rate.
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1 inTroDuCTion

ageing infrastructure and increase demand 
with growing population requires building utility 
tunnels within a city. Trenchless technology 
makes it possible to build a tunnel with minimum 
disturbance to social activities, services and 
traffic. However, evaluating tunneling-induced 
impacts on existing infrastructure is crucial to 
mitigate the risks. 

Three-Dimensional (3D) finite element (fe) 
software, Diana, is used to simulate the staged 
construction of a tunnel and potential ground 
loss. The numerical model includes a bus 
rapid Transit bridge footings at two sides of the 
crossing road. Crossing of the TbM from one 
side to the other side of the bridge is simulated 
in several stages. Ground loss of approximately 
1.5% is imposed to calculate the amount of 
ground surface and piles movement (figure 1). 

2 ConClusion

Depends on the position of the pile tip relative to 
the tunnel springline, different pile response is 
observed. for short piles which the tunnel axis 
is located below the pile tip, larger settlement 
happens in comparison with long piles. The 
difference between short and long piles is 
because of the pile fixity and non-uniform 
ground movement with depth. short piles have 
tendency to move with soil while longer piles 

show resistance. for short piles settlement of 
4mm is observed while for long piles that the 
tunnel axis is located above their tip, 2mm to 
3mm settlement is calculated. The settlement 
of the piles also depends on the position of 
excavation front relative to the piles location. 
Those piles that are closer to the front excavation 
shows more settlement which cause differential 
settlement. The maximum differential settlement 
of 2mm at the east side and 3.5mm at the west 
side is calculated during stage 5 of excavation. 

 

figure 1. Geometry of Three-Dimensional finite element 
Model 

KeYWorDs: Tunneling-induced impact, bridge foundation, 3D finite element Modelling.
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Design and construction of tunnels in zones subjected to high 
convergences

H. bhavsar
ILFS Transportation Networks Limited, India.

a. Dinis, e. Mira fernandes, P. antunes
ELSAMEX, Portugal.

f. Melâneo
ISEL, Instituto Superior de Engenharia de Lisboa, Portugal.

1 inTroDuCTion

The Kiratpur – ner Chowk section of nH-21 
roadway Project, to be executed in the state of 
Himachal Pradesh (india), comprises 5 two lane 
tunnels, designated from T1 to T5 (figure 1).

figure 1. Kiratpur – ner Chowk section of nH-21 Project 
general layout.

All five tunnels are bidirectional, complying 
different lengths and overburdens, based on 
their location along the alignment (Table 1).

from this group of tunnels one can stand out 
T1, with a total length of 1.836 m, from which 
36 m are executed with the “cut and cover” 
technique. beyond being the longest tunnel, is 
also the tunnel that has the biggest overburden.

Table 1.Tunnels general characteristics.

Tunnel extension (m) overburden (m)
T1 1836 300
T2 494 130
T3 584 120
T4 1254 180
T5 744 100

The highway layout where the tunnel is 
integrated, with elevation levels ranging between 
680 and 715 m, crosses tectonic zones, whose 
altimetry elevations of natural terrain vary 
between 700 m on portals and 1.000 m in the 
area of greatest terrain overburden.

under these conditions, the depths of tunnel 
excavation occur with variable overburden, with 
maximum values of around 300 m (Table 1).

2 ConClusion

numerous published references on recent 
excavations in the Himalayas, report the 
occurrence of cases in which are observed and 
registered large displacements by convergence 
within the tunnels. in these situations it is 
necessary to undertake actions in terms of the 
tunnel supports, in particular, with the use of 
devices for energy absorption by deformation, 
namely lining stress Controlers – lsC, to install 
in the primary support and prevent its structural 
safety.

by estimating the use of these devices on the 
design phase, based on the usual models of the 
excavations behavior analysis, may contribute 
to limit the risk of security and financial losses.

KeYWorDs: tunneling, overburden, high convergences, tunnel design
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Planning, Control And Optimization Of EPB TBM Tunneling 
Operations in Urban Areas

a. Mignini
Amberg Engineering, Zurich, Switzerland.

1 inTroDuCTion

This paper provides an overview on planning, 
control and optimization of ePb TbM tunnelling 
operations in urban areas in diverse soil 
conditions.

The extensive experience of the author 
in dealing with diverse project conditions 
around the world, are used as the basis to 
provide guidelines to specialist contractors and 
consultants involved with detailed planning and 
monitoring of ePb tunnelling operations.

a dedicated TbM integrated Programme (TiP) 
together with TbM Working Procedure (TWP) and 
Pilot instruction sheets (Pis) are the tools to plan 
TbM operations (see figures 1 and 2).

adequate Monitoring and timely back-
analysis are the tools to control and improve 
on TbM excavation performance and ground 
deformation control.

figure 1. example of TiP - Metro Delhi Ph.ii bC-16 Tender 
Programme (a.Mignini, Torno int., 2007).

figure 2. example of Pis - sabadell Metro (amberg 
infraestructuras, 2011).

2 ConClusion

Planning, control and optimization of ePb 
tunnelling operations in urban areas require 
specialist experience and competence together 
with a holistic and coordinated technical and 
managerial approach in order to successfully 
carry out and complete each phase of the 
process.
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Safety of Subway Structures in Proximity of New Construction 
of a High-Rise Building

i. fuijiki
Metro Development Co., Ltd., Tokyo Metropolitan, Japan

H. Minakami
Metro Development Co., Ltd., Tokyo Metropolitan, Japan

M. iwanami
Nagaoka National College of Technology, Nagaoka City, Nigata Prefecture, Japan

1 inTroDuCTion

Construction of a 19-story high-rise building 
that would straddle an inter-station circular 
subway tunnel was planned. The area around 
the tunnel includes accumulation of soft clayey 
soil, with an unconfined compressive strength 
(qu) of 30Kn/m2 to 70Kn/m2 (n-value: 0 to 3), 
to a depth of about 50 m below the surface of 
the ground. The building load is transmitted 
via a mat slab to complete-bearing piles, and 
supported by the ground at the pile ends.  
Therefore, in the construction design, it was 
assumed that the load would not be transmitted 
to the tunnel. However, tunnel settlement began 
to increase as the construction progressed and 
the building load was applied. The probable 
cause was assumed to be increased ground 
stress due to mat slab displacement or the 
piles’ elastic displacement as the building load 
increased. in this context, frame analysis was 
conducted by modeling the building foundation, 
and the results were entered in an elastic two-
dimensional feM analysis. in this way, the 
increase in ground stress was determined and 
the final settlement of the tunnel was calculated, 
with both the elastic settlement due to the 
increase in ground stress and the consolidated 
settlement due to disturbance of the soft ground 
taken into account.

2 ConClusion

The estimated settlement was about 26 mm, 
which was within the allowable settlement of 
28 mm or less as calculated from the bearing 
force of the tunnel. it was decided to continue 

observing tunnel behavior in the course of the 
construction. it was proved that the use of feM 
analysis of the ground enables a numerical 
understanding of settlement and upheaval 
tendencies and identification of the effects of 
construction work in the proximity of existing 
structures.

figure 1. Cross section

Table 1. Tunnel settlement

10f 19f Completion

Measurement 16.9

feM analysis 24.8 36.0 40.3

feM analysis
(revision)

17.8 24.0 26.3
(32.6)*

*included consolidation related to ground turbulence 

KeYWorDs: subway, existing tunnel, settlement, analysis of proximity effects, feM analysis
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Optimum Stage Construction of Tehran Metro Lines 6 and 7 in 
Regard to Intersection of These Lines

H. orumchi
AHAB Company, Tehran, Iran. 
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Faculty of Engineering, Kharazmi University, Tehran, I.R. Iran.

1 inTroDuCTion

The phase 1 of line 6 of Tehran metro with 
11700km connects the south east to the north 
east of the metropolitan. at 6526km, this line 
underpasses the line 7 so that there is 1.67m 
vertical distance between the floor of line 7 and 
the crown of line 6. in this paper, the intersection 
has been modeled using the 2D finite element 
method. a model close to reality has been 
constructed to study the subsidence at the 
ground surface due to passing of self-drilling 
machines. all the stages of drilling including 
injection of grout, cone shape of shield and 
stage construction have been modeled. also, 
sequence of machine passes and its effect 
on the surface subsidence is studied and 
the results are compared with approximate 
analytical methods. 

Many studies have been conducted with 
regards to settlement control at ground surface 
and or the effect of construction of one line on 
the other lines of metro (Kimance et al. 1996; 
Yamaguchi et al. 1998; asano et al. 2003; 
Chapman et al. 2002; addenbrook and Potts 
2001 ،ng et al. 2004; sirivachiraporn and 
Phienwej 2012; Chehade and shahrour 2008; 
liu et al. 2011; Mirhabibi and soroush 2012; 
Wong et al. 2009). 

figure 1 shows the displacement at the 
ground surface for the two mentioned conditions 
of crossing from cross section.

figure 1. Ground surface settlement for the two different 
conditions at 25m distance from the tunnel axis

2 ConClusion

With regard to the results, the first case (first 
line 6 and then line 7) results in a more stable 
condition for the intersection. However, in 
the second case also the settlements at the 
ground surface are within the allowable range. 
Therefore, it is suggested that first the line 6 
passes through the intersection and then line 7 
goes above the line 6. The reason is that if the 
line 6 goes first through the intersection, the risk 
of weakening the bed of line 7 decreases which 
prevents extra moments and cracks at the lining 
of line 7.

KeYWorDs: ePb tunneling, Cross section, surface settlement, finite element analysis.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

83 

Conveyance and Storage Tunnel in Hartford, Connecticut

V. nasri and s. rashidi
AECOM, New York, USA.

The south Hartford Conveyance and storage 
Tunnel (SHCST) project is a significant component 
of the Hartford Metropolitan District’s (MDC) long 
Term Control Plan (lTCP) which is overseen 
by the Connecticut Department of energy and 
environmental Protection (CTDeeP) (figure 1). 
This project will address a portion of the MDC’s 
Clean Water Project (CWP), which will reduce 
combined sewer overflows (CSOs); eliminate 
sanitary sewer overflows (SSOs); and reduce 
nitrogen released into the Connecticut river.

figure 1. sHCsT and north Tunnel operated as a single 
tunnel system.

This paper summarizes the basis of design 
for the sHCsT project. The components of the 
sHCsT project described in this paper are as 
follows:

•	 Deep rock tunnel with a TbM launch shaft 
near the HWPCf in Hartford and a TbM re-
trieval shaft in West Hartford

•	 3.7 km of near-surface consolidation sewers 
(60 cm to 170 cm in diameter)

•	 Hydraulic drop shafts

•	 100 MlD tunnel dewatering pump station
•	 odor control at all potential air release 

points.

The deep rock tunnel would be approximately 
6.6 km in length and have a finished internal 
diameter of 6.7 m. The tunnel will be excavated 
by a Tunnel boring Machine (TbM) which is 
suitable for tunneling in hard rock conditions. 
The tunnel profile is entirely within bedrock at 
a depth low enough to accommodate the north 
tunnel system (part of a separate contract).

The consolidation conduits will be installed 
using a combination of microtunneling, guided 
boring, shallow rock tunneling, and open cut 
construction techniques.

seven hydraulic drop shafts are used to 
convey flow in a controlled manner from the 
shallower consolidation conduits to the deep 
rock tunnel.

The tangential vortex drop structure type 
was selected for all of the sites along the 
tunnel alignment with the exception of the TbM 
retrieval site.

The TPs is designed to pump out the 
sHCsT following storm events so that the 
flow can be treated at the HWPCF. Two 
pump station configurations are presented as 
the finalist options. One of these is a cavern 
pump station and the other is a circular pump 
station with a suction header pipe system. 
based on a comparative assessment of these 
two configurations, the cavern pump station is 
recommended for the project.

KeYWorDs: rock Tunnel, Cso Conveyance & storage Tunnel, Pump station, Drop shaft
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Assessing the impact of a deep basement excavation on old 
rail tunnels in Sydney, Australia

D. a. f. oliveira
Coffey Geotechnics and University of Wollongong, Sydney, Australia.

f. badelow and P. K. Wong
Coffey Geotechnics, Sydney, Australia.

1 inTroDuCTion

The use of the underground space in major cities 
often involves excavating in complex settings 
where interaction with existing structures such 
as buildings and old tunnels may be expected. 

The feasibility of an iconic new 32-storey 
tower in the heart of sydney required the 
excavation of three basement levels in the 
vicinity of rail tunnels built in the 1930’s. Due 
to the high traffic volume of the operating rail 
lines, the rail authority imposed strict conditions 
where the excavation should not induce new 
cracks in the tunnel liners nor increase the 
width of existing cracks. This poses a significant 
challenge due the high horizontal rock stresses 
observed in sydney, often exceeding six times 
the vertical stress. a complicating factor was the 
presence of a large fault zone crossing the site 
as shown in figure 1.

Proceedings of the World Tunnel Congress 2014 – Tunnels for a better Life. Foz do Iguaçu, Brazil. 
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1 INTRODUCTION 

The use of the underground space in major 
cities often involves excavating in complex 
settings where interaction with existing 
structures such as buildings and old tunnels may 
be expected.  

The feasibility of an iconic new 32-storey 
tower in the heart of Sydney required the 
excavation of three basement levels in the 
vicinity of rail tunnels built in the 1930’s. Due 
to the high traffic volume of the operating rail 
lines, the rail authority imposed strict conditions 
where the excavation should not induce new 
cracks in the tunnel liners nor increase the width 
of existing cracks. This poses a significant 
challenge due the high horizontal rock stresses 
observed in Sydney, often exceeding six times 
the vertical stress. A complicating factor was 
the presence of a large fault zone crossing the 
site as shown in Figure 1. 

 
Figure 1. View of the 3D model geometry (ground shown 

with a cut plane). 

This paper presents the details of detailed 
numerical modelling considering rock 

mechanics aspects not typically explicitly 
adopted in these types of assessments in 
Sydney. 

2 CONCLUSION 

The geotechnical assessment indicated an 
acceptable risk for the third basement 
excavation adversely impacting the tunnels. 
When comparing to an earlier preliminary 
modelling study, the above conclusions mainly 
resulted from the refinement of the rock mass 
behaviour and in situ stress conditions discussed 
throughout the paper. These allowed an 
improved compatibility between assigned rock 
mass stiffness and strength and the in situ stress 
condition. 

Based on the results of this analysis the rail 
authority approved the proposed development 
with conditions of consent requiring a 
geotechnical monitoring program to be 
implemented during construction as per our 
recommendations.  The program consists of pre-
demolition condition assessments of the tunnels, 
installation and regular monitoring of survey 
markers and instrumentation, including 
extensometers and inclinometers, and further 
condition surveys following completion of key 
construction activities. 

Assessing the impact of a deep basement excavation on old rail 
tunnels in Sydney, Australia. 

D. A. F. Oliveira 
Coffey Geotechnics and University of Wollongong, Sydney, Australia. 

F. Badelow and P. K. Wong 
Coffey Geotechnics, Sydney, Australia. 

KEYWORDS: high in situ stress, ground movement, excavation impact. 

GPO Fault zone 

figure 1. View of the 3D model geometry (ground shown with 
a cut plane).

This paper presents the details of detailed 
numerical modelling considering rock mechanics 

aspects not typically explicitly adopted in these 
types of assessments in sydney.

2 ConClusion

The geotechnical assessment indicated an 
acceptable risk for the third basement excavation 
adversely impacting the tunnels.

When comparing to an earlier preliminary 
modelling study, the above conclusions mainly 
resulted from the refinement of the rock 
mass behaviour and in situ stress conditions 
discussed throughout the paper. These allowed 
an improved compatibility between assigned 
rock mass stiffness and strength and the in situ 
stress condition.

based on the results of this analysis 
the rail authority approved the proposed 
development with conditions of consent 
requiring a geotechnical monitoring program 
to be implemented during construction as per 
our recommendations. The program consists 
of pre-demolition condition assessments of the 
tunnels, installation and regular monitoring of 
survey markers and instrumentation, including 
extensometers and inclinometers, and further 
condition surveys following completion of key 
construction activities.

KeYWorDs: high in situ stress, ground movement, excavation impact.
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An integrated design approach for the design of segmental 
tunnel lining in an EPB-Shield driven tunnel-A case study in 
Iran: Ahwaz Metro Project

r. osgoui
GEODATA ENGINEERING SpA, Corso Duca degli Abruzzi, 48/E. Turin. Italy.

M. Pescara
GEODATA ENGINEERING SpA, Corso Duca degli Abruzzi, 48/E. Turin. Italy.

1 inTroDuCTion

an integrated design approach was proposed 
to provide a flexible design of pre-fabricated 
segmental lining in terms of quantity of steel 
reinforcements for an ePb (earth Pressure 
balanced shield) driven tunnel in urban area. 
The integrated design approach is based on 
analytical solution, bedded-spring Model, and 
numerical finite element analysis. in this way 
the solicitations obtained by different methods 
have been compared in such a way as to 
consider the variability in membrane forces, 
for which the structural verifications should be 
satisfied. The case to be analyzed was metro 
project of ahwaz. Two types of segments such 
as heavy and light were provided for soil and 
rock geological domains, respectively in order 
to meet with both technical and economical 
requirements. 

The most advantage of utilizing the integrated 
design approach is to takes into account the 
variability in amount of induced axial force and 
bending moment lining. as can be observed 
from Figures 1 and 2, the trends of the flexural 
moment and axial force are to some extent 
similar.  as far as the soil domain is concerned, 
figures 1 and 2 put forward the points that the 
induced bending moment obtained by bedded-
spring method is higher than that of analytical 
and numerical methods. However, the range 
of induced axial force by such a method lies 
between the upper bound of feM and lower 
bound of analytical solution. The induced axial 
force obtained by feM is rather higher that 
that obtained by bedded-spring and analytical 
methods. further, the bending moment obtained 
by feM is between the ranges of analytical and 
bedded-spring method.
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figure 1. Distribution of the induced axial force in lining, soil 
condition
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Figure 2. Distribution of the induced flexural moment in lining, 
soil condition

2 ConClusion

The quantity of the reinforcements foreseen for 
the lining should satisfy all load combinations 
obtained by integrated design approach for both 
rock and soil conditions. Accordingly, a flexible 
lining design in terms of reinforcement intensity 
was the matter of interest and two types of 
segments, light and heavy, were proposed.

KeYWorDs: segmental lining, integrated design approach, tunnel design, ePb, ahwaz Metro.
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Reinforcement Effect of Bolts on the Material Surrounding 
Underground Excavations

J. P. de león
Colombian Association for Tunnels and Underground Works, Bogotá, Colombia.

1 inTroDuCTion

The tensile strength transferred by a linear 
reinforcement, systematically installed in a 
material subject to compressive stresses, 
increases its compressive strength. Therefore 
the tensile strength transferred to the surrounding 
material of underground excavations by steel 
bolts systematically installed in radial patterns 
uniformly distanced, increases the compressive 
strength of the excavated material. 
The reinforcement effect of bolts on the 
material surrounding underground excavations 

is presented. The analysis is carried out for a 
circular excavation in a homogeneous isotropic 
material subject to an in-situ isostatic state of 
stresses, which accomplishes Griffith-Mohr-
Coulomb failure criterion. 
The analysis is divided in two parts: In the first 
part a brief discussion over failure of a material 
under compressive stresses, and on the main 
failure criteria, together with the increase in the 
compressive strength of a material subject to 
compressive stresses due to the tensile strength 
transfer of linear reinforcements systematically 
installed, are presented. 
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Stabilisation of soil pillar adjacent to Eastern Ticket Hall at 
Bond Street Crossrail Station

H. D. skinner, V. J. Potts and D. f. McGirr
Donaldson Associates Ltd, London, UK.

a. M. st.John
Bam Ferrovial Kier JV, London, UK.

1 inTroDuCTion

sprayed concrete lining (sCl) tunnelling 
alongside the secant pile walls forming the 
eastern Ticket Hall (eTH) box at bond street 
station left a narrow pillar of clay, less than 1m 
wide in places, between the piles and the tunnel 
lining. since the tunnelling was to occur after 
excavation of the box, the stability of this soil pillar 
during excavation was identified as a concern. 
analysis undertaken as part of a due diligence 
review of the lining design indicated that there 
was indeed a high risk of overstressing in this 
area with potential for a collapse mechanism to 
develop during sCl excavation, see figure 1.

 

figure 1. stress level contours at the end of excavation 
adjacent to eastern Ticket Hall

This paper describes this identification and 
modelling of the ground stability risk, and also 
the selection and design process that was 
employed in the development of a detailed 
temporary works scheme to mitigate that risk. The 
difficulties associated with the implementation 
of that design in a highly constrained location 
are also discussed. A significant degree of 
collaboration between the construction and 
design teams enabled amendments to be made 
to alleviate some construction difficulties without 
compromising the effectiveness of the soil 
stabilisation scheme. 

2 ConClusion

ultimately it was decided to use a grouted pipe 
arch at the breakout from the box and, where 
a pipe arch was no longer feasible due to the 
tunnel geometry, an innovative solution to 
create a mattress of reinforced soil above the 
tunnel was developed using overlapping arrays 
of grouted spiles installed from the shaft.

The works undertaken to stabilise the 
soil pillar adjacent to the eTH at bond street 
exemplify the successful use of an integrated 
approach to design and construction to 
mitigate potential ground instability during sCl 
excavation.

KeYWorDs: Tunnels and tunneling, Temporary Works.
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Santiago de Chile New Metro Line 3 – Basic and Detail Design, 
and Construction Early Works Supervision of 22 Km of Tunnels 
in the Underground of Santiago City
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C. Montes C.
ARA Worley Parsons, Santiago, Chile.

J. Herrera a.
METRO S.A., Santiago, Chile.

KeYWorDs: Tunnels, soft soils, naTM, numerical Modeling.

1 inTroDuCTion

MeTro s.a in santiago de Chile is currently 
increasing its net by the brand new lines 3 
and 6. The new lines will prolong the length 
of existing Metro net in approximately 38 
km by fully automated trains; nearly entire 
length (station and interstation tunnels) will 
be excavated using NATM. Specifically Line 3 
includes 17 underground excavated stations, 
19 construction access shafts and 36 shafts 
and galleries for ventilation. The Metro line 3 
alignment crosses historical city center where 
underpasses various buildings of significant 
historical value and also interfere and solves 
the connectivity to 4 existing Metro lines: 1, 
2, 4 and 5; and underpasses the new line 6, 
forming a large combination station named 
“Ñuñoa”. This paper describes the approaches 
that had been used during basic and detail 
engineering: naTM as construction method for 
tunnels and underground excavated stations 
in cohesive gravels, silty sands and clays soils 
under the shallow overburden; 3D modeling 
and modularity of underground structures, use 
of shotcrete as final lining; seismic design of 
shafts and tunnels in one of the most seismic 
active area in the world. This paper includes 
the results of the construction supervision of 
line 3 early works: shafts and access galleries 
of new stations and temporary construction 
access, and the corresponding comparison 
analysis between design models and real on 
site behaviour.

figure 1. Metro de santiago system, existing lines plus new 
line 3 and new line 6.

2 ConClusion

Metro de santiago s.a. awarded the consortium 
ara WorleY Parson-arCaDis-sener 
(aWPas) one of the most important urban 
underground projects developed in Chile.  
This project includes basic designs of lines 
3 and 6, and detail designs and construction 
supervision of 22 km of line.  This line will be 
made completely underground with a minimum 
disturbance on surface in one of the most seismic 
active areas in the world. The construction of 
this line is expected to finish it in 2018.
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Disclosures of Technical Solutions of Tunnels by the Press as 
the decisive factor for the insertion of Underground Works in 
Feasibility Studies of Road Connections for Vitória, ES

J. r. Prandina
University of Ottawa, Ottawa, Canada.

1 inTroDuCTion

espírito santo, one of the smallest states in 
brazil, has not any tradition in underground 
works for road infrastructure. only bridges were 
used in some intersections and connections.

Vitória is an island and has been demanding 
new connections for its cities: Vila Velha, Vitória 
and Cariacica. The past proposals for these 
new oversea connections excluded completely 
tunnels, neither conventional nor immersed 
Tunnels, until 2008.

The immersed Tunnel proposal for a new 
connection between Vitória and Vila Velha was 
released by Kneib (2001a) and (2001b), Kneib 
and Prandina (2004), Kneib (2005), Kneib 
(2006), and Casilhas (2007)  which shown the 
possibilities of the immersed solution.

in May of 2008 there was announced the 
construction of a new bridge to connect these 
cities. in august of 2008, the local authorities 
announced the first change in the solution to a 
road tunnel. 

The local press released several technical 
contents about tunnels preceding this change, 
including the disclosure of negative aspects of 
the non-constructed available tunnel solutions, 
as stated by Prandina (2008a) and Prandina 
(2008b). also, other solutions had been 
presented (figure 1) by Prandina (2010a).

The tunneling method chosen by the 
local authorities (naTM) have determined 
additional length to the connection due to local 
geotechnical conditions. The deepest point of 
the naTM tunnel was shown in -52 m beneath 

the sea level. The immersed Tunnel matches to 
the tracing of PDTu (1998) and will also avoid 
the excessive gradients of the ramps, currently 
designed in 6.02% in the naTM proposed 
tunnel. 

 

figure 1. a Cut-and-Cover proposal for the Cauê      Tunnel 
– Prandina (2010a).

2 ConClusion

The disclosures of tunnel solutions by the press 
have shown useful to insert them in feasibility 
studies of the authorities. also, the release of 
the term and cost of tunnels dismissed some 
local negative myths about tunnels. The Greater 
Vitória has 5 detailed engineering designs been 
developed of its new road urban tunnels.

KeYWorDs: immersed tunnel, Vitória, design, feasibility, technical disclosure, press, seminar
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Use of the IMPL-EX Integration Scheme to Simulate Sequential 
Excavation with the Finite Element Method

P. G. C. Prazeres; M. M. futai; T. n. bittencourt; o. l. Manzoli

KeYWorDs: Tunneling; sequential excavation; elastoplasticity; finite element Method

1 inTroDuCTion

in this work the implicit-explicit integration 
scheme - iMPl-eX - is used to improve the 
robustness and to accelerate the non-linear 
analysis for sequential excavation problem 
in tunneling simulation, since with the iMPl-
eX scheme only two iterations per time step, 
at most, are required for convergence. The 
tunneling process is modeled with the finite 
element method, and the sequential excavation 
steps are simulated by applying a penalty in the 
excavated regions such that the contributions of 
their stiffness matrices vanish. The advantage 
of this approach is that it avoids the need 
to rebuild the finite element mesh for every 
excavation steps. 2D and 3D examples of deep 
excavation in rock are shown. To simulate the 
nonlinear rock behaviour, Drucker-Prager and 
Mohr-Coulomb yield criteria were used. 
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Analysis of the Influence of Metro Tunneling on Building 
Settlement

T. Qi, r. Wang, b. lei and Y. li
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Southwest Jiaotong University, Chengdu 610031, China.

1 inTroDuCTion

although the characteristics of ground settlement 
without buildings have been defined, but further 
research is still needed for the characteristics of 
settlement with buildings, and such research has 
more theoretical significance and engineering 
application value in the practical engineering of 
metro tunneling.

Targeting at the specific strata and shallow 
foundation buildings, flaC3D is utilized to 
establish the three-dimensional numerical 
models, such as the location of building and 
tunnel is divided into 3 forms as follows: parallel, 

vertical and 45º oblique to study the settlement 
characteristics without or with buildings in an 
endeavor and to reveal settlement features with 
different spatial location relationship between 
buildings and tunnels and to discuss the safety 
control standards of building settlements caused 
by metro tunneling.

Then, a project example was analyzed 
and showed that the numerical simulation 
was consistent with the measured results, 
which provides technical support for the safety 
assessment of metro tunneling.



Tunnels for a better life.                                                                                                                           ISBN 978-85-67950-00-6

92 

A unique technology for early fire detection in tunnel environments
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1 inTroDuCTion

This paper outlines the challenges involved in 
the design and implementation of an efficient and 
safe system for detection of fire incidents in road 
tunnels. it furthermore outlines the possibilities 
of Multiple Gas Detection technology as solution 
to improve safety in tunnels.

2 TeCHnoloGY

Multiple Gas Detection (MGD) technology, 
originally developed for aerospace, is based 
on the detection of gases and specifically fire 
related gases. The principle is to identify the 
‘smell’ (composition of gases) in the air in an 
early stage of a fire (see chapter 4.1). 

Each ‘smell’ will form a unique ‘fingerprint’. 
Registered gas patterns (fingerprints) will be 
classified as a ‘permitted’ (non-dangerous) or 
‘not permitted’ (dangerous) pattern. An example 
of a ‘non-dangerous’ combustion gas is diesel 
fume from a truck. With MGD technology, 
these types of ‘known disturbances’ can be 
suppressed.

3 sYsTeM

an MGD-detector can be described as an 
‘electronic nose’. Through advanced analysis, 
the detector can identify different types of fires. 
It can, through the MGD technology, detect fires 
with no visible smoke 

The MGD can also monitor the air for other 
harmful gases such as for example ozone. it 

also has the ability to monitor the quality of the 
ambient air in the tunnel

The MGD continuously evaluates the 
present gas composition with a sensor array, 
consisting of six chemical Mos (Metal oxide 
sensors).

In the event of a fire, different events occur 
in stages

Figure 1 – Three stages of a fire development

Conventional fire detectors focus on the 
detection of the physical parameters of the 
second and third stage:

•	 smoke detectors (particles, aerosols)
•	 optical detectors (particles, aerosols)
•	 flame detectors (radiation, light)
•	 Heat detectors (temperature, temperature 

gradients)

Conclusion: Gas, often the first indicator of 
a fire, is ignored by conventional fire detection 
systems

4 ConClusion

This extended abstract has outlined the 
challenges involved in the planning and design 
of a safe fire detection system in demanding 
complex tunnels. it shows how a Multiple Gas 
Detection (MGD) system can be used, not only 
for early detection of fire incidents, but also for 
detection of other related incidents. 
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Segmental lining design for the crossing of a railway 
embankment in soft ground with very low overburden
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1 inTroDuCTion

in the southwest of the netherlands the 
sluiskiltunnel is currently under construction. it 
consists of two machine driven tunnel tubes.

The lining has an outer diameter of 11 m and 
is divided into 7 regular segments and a half 
key-segment. The segments are 2 m long and 
45cm thick.

at the end of the alignment a 7 m high railway 
embankment is crossed with an overburden of 9 
m. at this location the tunnel is excavated in soft 
clays and sands, with a turf layer of 50 cm in the 
tunnel face. 

2 sTruCTural analYses

analyses are performed with the 3D-feM-model 
shown in figure 1, incorporating the ground with 
volume-elements and four segmental rings with 
shell-elements. 

figure 1. 3D-feM-model for analysis.

The rings are coupled in the ring-joint by 
friction and a cam and pocket-system, which 
after injection allows for an immediate coupling. 
The rotational behavior in each longitudinal 
joint is modeled individually depending on the 
respective normal force in the joint. 

Calculations are performed for the scenarios 
of a high and a low groundwater table, and for 
different assumptions regarding frictional forces 
on the ring-joint.

in addition to regular load cases, the decisive 
loads of freight trains on the embankment, 
flooding, fire in the tunnel and the situation after 
a fire are analyzed. 

3 ConClusion

The choice of 3D-feM for the analyses has 
proven its worth because of the necessity to 
consider interdependencies between the tunnel 
structure and the ground.

Due to the slopes of the railway embankment 
and the filling, the horizontal stresses directly 
below the crown of the embankment are 
reduced, which reduces the bedding for the 
tunnel lining. 

furthermore the soft soil layers, combined 
with the high stiffness of the segments, attract 
forces to the lining, especially the train loads on 
top of the embankment.

The resulting extremely high amount of 
required reinforcement is realized with a fully 
welded reinforcement cage of 207 kg/m³.

KEYWORDS: segmental lining, finite-element-method, coupling, fire, welded reinforcement.
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Structural analysis and design for initial lining bifurcations in 
alluvial grounds Niayesh Tunnel-Tehran-Iran
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1 inTroDuCTion

The objective of this document is to present the 
structural analysis and design calculations for 
the initial lining of the the enlarged portion of the 
tunnels sections called bifurcations.combination 
of rib elements and naTM tunneling stages was 
chosen as the design method for bifurcations in 
the niayesh tunnel.The scope of this document is 
the finite element analysis of the soil construction 
stages including numerical modeling of the 
tunnel excavation and support system and its 
interaction with the surrounding soil.

2 sTruCTural analYsis

The tunnel section considered for design has 
a maximum width of 30m and maximum height 
of 17m .The long-term loading is to satisfy 
the assumption for the deterioration of initial 
lining overtime. The soil-structure interaction 
approach is used for the static analysis of the 
final lining structure using Plaxis software 
considering construction sequences prior to final 
lining installation. The surrounding soil mass is 
modeled as a continuum medium in plane strain 
condition.it is assumed that over time, the soil 
mass surrounding the tunnel will undergo a 
change as a result of deformations which will 
result in reduced geomechanical properties. 
The excavation and lining of bifurcation tunnel 
support will be carried out using combination 
of the conventional (naTM), combining a 
horizontal and a vertical operation sequence 
and using rib elements. 

3 nuMeriCal MoDelinG

because of 3D nature bifurcation with regularly 
spaced ribs , a 3d model has been performed by 
Plaxis 3d. aforementioned 3d numerical model 
is a cubic soil mass slice which includes a rib 
element at the middle.This section describes 
3D structural analysis of the tunnel structure 
using PlaXis computer software which has 
built-in features for modeling soil-structure 
interaction and stages of the construction.
staged excavation and lining sequence has 
been incorporated in the model based on the 
conceptual construction procedure following 
establishment of the initial stress condition.The 
tunnel initial lining is statically loaded. The loads 
are computed by the software directly from the 
soil-structure interaction based on the material 
properties for the soil layers. for design of the 
lattice girders we provide an 3D plaxis models by 
considering an cluster as ribs and in the second 
model which is provided for design of ribs,one 
3D plaxis model by considering a beam element 
as ribs are done.

4 suMMarY anD ConClusions

The structural analysis and design calculations 
for the initial lining bifurcations with overburden 
and surcharge loading were performed for the 
tunnel sections. a generalized 3D approach was 
used for numerical modeling of  the excavation 
and support  process using Plaxis software. This 
approach is used for the design of initial support 
system to withstand loads on the tunnel safely 
and to determine the ground surface effects. 
in order to calculate the extent and impact 
of tunnel-related settlement produced at the 
ground surface realistically.
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1 inTroDuCTion

This paper is to present the structural analysis 
and design of the final lining for the bifurcations 
of niayesh tunnel project with minimum18m of 
soil overburden .The tunnel section considered 
for design has a maximum width of 30m and 
maximum height of 17m. The report presents 
design calculations and reinforcement 
requirements for the concrete final lining. Five 
bifurcations are planned for this project.

2 sTruCTural analYsis

The main tunnel lining is composed of a 
double shell lining system consisting of both 
initial support and final lining separated by 
a waterproofing and drainage system. It is 
assumed that initial lining deteriorates over time 
and all loads are transferred to and supported 
by the final lining. Therefore, analysis for the 
final lining shall be made under the assumption 
that the initial lining does not contribute any 
resistance to the superimposed loads and 
displacements. The initial lining may be 
considered as integral with the surrounding soil 
mass and not to directly load the final lining.

Considering the earthquake activity in 
Tehran, the final lining structure must withstand 
both seismic and static loads simultaneously.. 
seismic loads were determined based on 
seismic parameters for the city of Tehran. 

2.1 Static Analysis

The long-term loading is to satisfy the assumption 
for the deterioration of initial lining overtime. The 
soil-structure interaction approach is used for 
the static analysis of the final lining structure 

using Plaxis software considering construction 
sequences prior to final lining installation. 
The surrounding soil mass is modeled as a 
continuum medium in plane strain condition.

it is assumed that over time, the soil mass 
surrounding the tunnel will undergo a change 
as a result of deformations which will result in 
reduced geomechanical properties. 

2.2 Dynamic Analysis

The dynamic analysis is based on soil-structure 
interaction approach (Hashash method) using 
Plaxis software. 

3 suMMarY anD ConClusions

The final lining is designed for static, thermal, 
and seismic loads.

long-term loading due to self weight of 
lining and 18m height of soil overburden and 
surcharge live load (Plaxis analysis)

Thermal loading due to thermal gradient 
across the thickness of the lining.

soil stiffenes properties at 80% and unit 
weight of 2.1 ton/m3 to account for redistribution 
of surrounding soil from initial lining on to the 
final lining.

Dynamic analysis based on soil-structure 
interaction approach (Hashash method) using 
Plaxis software.

seismic parameters PGa= 0.65 g for MDe 
level and PGa= 0.24g for oDe level.

The general section of the final lining shall 
be 100×60 cm thick concrete general section 
which requires additional reinforcement.

Minimum concrete compresive strength 
shall be 35 Mpa for shear force requirements.
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Project
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on oxford street. The complex geometry and 
cross-sections required to align the new tunnels 
around the existing infrastructure meant a 
sprayed primary and secondary lining system 
provided a more cost effective solution than cast 
in-situ secondary linings. 

effective design was achieved through the 
use of fibre reinforced sprayed concrete for 
both the primary and secondary linings, and the 
need for bar reinforcement was reduced to the 
minimum. between the two linings a sprayed 
waterproofing membrane system will be included 
which provides time savings and additional 
flexibility in the Contractor’s programme. The 
design was developed in conjunction with the 
tunnelling contractor and london underground 
to maximise constructability in the final design. 

2 ConClusions

Close integration between designers, contractor 
and client have been key in minimising 
construction risks and optimising the design.  
in combination with the adjacent Crossrail 
station the upgrade of the lu bond street 
station will create a state-of-the-art transport 
hub with minimal impact on the surrounding 
infrastructure.  

1 inTroDuCTion

bond street Tube station is a major gateway 
to london’s West end served by both the 
Central and Jubilee lines. as part of the london 
underground Tube upgrade plan, the station is 
undergoing a major upgrade to increase capacity, 
improve accessibility and create interchange 
with the new Crossrail station. Currently more 
than 155,000 passengers use the station daily. 
When Crossrail becomes operational in 2018, 
passenger numbers are expected to increase 
to approximately 225,000. This upgrade project 
provides two additional escalators from the 
interchange level to the Jubilee line, low-level 
interchange route between the Central and 
Jubilee lines, a new step-free entrance and ticket 
hall on Marylebone lane and four new lifts. This 
allows step-free access to platforms on both the 
Central and Jubilee lines and a step-free route 
to Crossrail. The majority of the tunnelling works 
will be mechanically excavated and lined with 
sprayed concrete. bond street station upgrade 
is one of the most complex sprayed concrete 
lining (sCl) tunnel design projects undertaken 
by london underground. 

This has required significant design effort, 
maximising innovation and utilisation of the 
latest technology to push the sCl design 
boundaries to create the additional underground 
spaces required. in total, approximately 370m 
of sCl tunnels will be built with excavation 
cross-sections varying from 15m2 to 90m2. 
Tunnel construction is to a tight programme and 
will be constructed from a confined worksite 

KeYWorDs: sCl; urban tunnelling; soft ground
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1 inTroDuCTion

The mechanism or rock burst involves sudden 
and violent fracturing of the rock mass around the 
opening, with high amounts of energy releasing 
(Cook et al., 1966; bardet, 1989; linkov, 1996; 
Hoek, 2007). This work demonstrates an 
approach based on the theory of elasticty and 
the role of elastic parameters in the process of 
storing elastic strain energy (W). analytical and 
numerical methods were used.

Equations which define W based on the 
stress matrix σ, the strain matrix ε and the 
elastic parameters e (Young›s modulus) and 
ν (Poisson›s ratio) were used (Davis and 
selvadurai, 1996; sadd, 2004).

The influence of E and ν was tested using  
minimum, average and maximum values, based 
on the values for crystalline hard rocks from the 
works of Kumar (1976), Palmström and singh 
(2001) and Gercek (2007).

2 resulTs anD DisCussion

Values of W are not considerably affected by 
variations of ν. Variations in values of e, on 
the other hand, induce significant changes to 
the values of W. The lower e, the greater W 
(figure 1).

Low values of E define rock masses which 
suffer greater displacements under a given 
stress condition, leading to higher values of 
W. This leads to the conclusion that soft rocks 
(lower values of e) have the ability to store more 
elastic strain energy than stiff rocks.
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figure 4. Graphic of variation of values of W with distance, 
along the X axis of the tunnel. Different lines show variation in 
elastic parameters.

an analysis purely based on the theory of 
elasticity does not consider rock mass strength 
and energy dissipation during fracturing. strong 
rock masses have the ability to endure more 
stress than weaker rocks before failing, leading 
to higher amounts of available elastic strain 
energy in the rock mass after failure, which is 
transformed into kinetic energy, resulting in 
ejection of rock pieces to the tunnel interior.

3 ConClusion

The elastic parameters, especially e, induce 
variations in W. This means that excavation 
design must be carried out in a way that it takes 
the actual values of the elastic parameters into 
consideration, because the use of standardized 
values may lead to unexpected problems.

KeYWorDs: rock burst, theory of elasticity, elastic strain energy.
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1 inTroDuCTion

The Metro of buenos aires, argentina, has a 
continuous plan for the extension of the existing 
lines dating back to 1990. in 1998, shotcrete 
was used for the temporary support in a single 
lane tunnel in line b (figure 1). 

 

figure 1. first use of shotcrete, line b, 1998.

The first author, designer for the contractor, 
had developed a closed-form solution for the 
estima-tion of structural loads acting on linings 
(e.g. eq. 1) (núñez 1996). 

(1)

The second author performed the feM model 
for the same tunnel. by that time, a surprisingly 
good agreement was found between the closed 
form and numerical estimation of structural loads. 
15 years later, both the closed form solution 

Mmax = 1
16

×h ×1 h K0( )× h ×H + q( )×D2 × a

1+ a

and numerical methods were employed for the 
preliminary and final designs of some 15km of 
tunnels. The consistency of the structural loads 
between the closed form and numerical solutions 
was confirmed in most cases. 

in this paper, the derivation of the closed 
form solution is revisited; the results obtained 
for seven tunnels is compared to numerical 
estimates, and the differences are discussed.

2 ConClusion

The closed-form solution presented allows for 
the estimation of structural loads on tunnels 
excavated in stiff soils like buenos aires soils. 
When compared against einstein & schwartz 
(1979) solution, a small scatter in the range 
10% - 15% is observed. When compared 
against seven typical tunnel designed using 
finite element procedures, the scatter is shown 
to be higher and dependent on the construction 
procedure used to excavate the tunnel. 
nevertheless, the usefulness of the approach 
is demonstrated by it’s continued use for the 
last 15 years in practical tunnel engineering in 
buenos aires.
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1 inTroDuCTion

Construction of tunnel and underground 
structures often involves dealing with hazards 
and incidents, in particular collapses in roof 
and less frequently in walls and face. Collapses 
often take place due to inappropriate estimation 
of rock load and selection of ground support 
systems.

This study offers a review of the main factors 
affecting rock load to evaluate the capabilities 
of the existing models for prediction of ground 
pressure acting against installed support in 
underground excavations. The main factors 
impacting the magnitude of rock load are rock 
mass quality (Gsi and rMr), residual strength 
(Gsiresidual), tunnel depth, project related features 
(disturbance factor and tunnel diameter). 
There is no individual factor that can fully and 
quantitatively describe the rock load. Hence, 
it is of paramount importance to develop a 
method considering all the factors at once. 
field data from about 37.5 km tunnels in non-
squeezing ground, which have recently been 
constructed in iran, was used in an in depth 
statistical analysis and analytical hierarchy 
process (aHP) for weighting of related factors. 
a weighing system was used to obtain rating of 
various input parameters for estimation of rock 
load in tunneling. in order to cover all rock mass 
varieties and reduce the uncertainties, main 
factors were divided into subgroups. The new 
classification system offers predicted values for 
rock load that are in a good agreement with the 
actual field measurements (Table 1).

2 ConClusions  

Engineering classification systems are helpful 
methods to estimate rock load. Therefore, 
the new and simple classification system for 
prediction of rock load height based on main 
factors and their ratings was proposed.

The proposed classification system is 
more practical for prediction of rock load prior 
to construction. However, it is more reliable 
for tunnels excavated in fair rock masses 
(25<Gsi<75). The proposed method and 
classification has simple and measureable 
parameters, which have the highest effect on 
rock load, and can be applicable to the field. 
finally, high disturbance factor would be the 
main controlling parameter impacting rock load 
height. The next most important factor is the 
rock mass quality.

Table 1. Influence factor ratings for tunnels with high 
disturbance factor (D>0.4)

Influence factors rock mass quality: Weak (Gsi<25) 

rMr Maximum  rating 73

Tunnel depth
factor subgroups 
200 m > 200-500 m 500 m <

rating 19 4.72 -

Gsiresidual Maximum rating 8

Influence factors rock mass quality: fair (25<Gsi<75) 

rMr
factor subgroups
30-40 40-50 50<

rating 62 32.85 13.92

Tunnel depth 200 m > 200-500 m 500 m <

rating 16 3.98 9.27

Gsiresidual 20-25 25<

rating 7 4.44

KEYWORDS: Tunnel, Rock load, Collapse, Rock mass quality, Rock mass classification
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1 inTroDuCTion

Time-dependent deformation of weak rocks 
has a significant effect on the stability of 
underground structures. Tunnel surrounding 
ground deformation in weak rocks may causes 
to gradual development of loading on the support 
system and threats the tunnel stability. The host 
rock of shibli tunnels are mainly composed of 
gray to black shale, Marl and calcareous shale. 
Geological maps and reports demonstrate a 
heavily jointed condition in the host rock through 
two orogenic phases. in this research, the time-
dependent behavior of the shibli tunnel host 
rock was numerically simulated considering 
burger-creep viscoplastic model (CVisC). 
Displacement based direct back analysis using 
univariate optimization algorithm were applied 
and properties of the CVisC model and initial 
stress ratio were estimated for the rock mass. 

using back analysis results, creep behavior 
of the rock mass was modeled during tunnel 
service life. The assessments of the loading 
induced on the final lining due to creep behavior 
of rock mass were performed by means of 
support capacity diagrams.

figure 1 represents the thrust–bending 
moment interaction diagram for spring line of 
the tunnel lining. simulation results show that 
thrust force, bending moment and the resulting 
axial stresses will remarkably increase at the 
spring line of the final lining with time. 

 
 

 

figure 1. thrust–bending moment interaction diagram for 
spring line of the tunnel lining.

2 ConClusion

based on the present work, the time-dependent 
features of weak rock mass should be taken 
into account in the long-term design and 
maintenance of tunnels.

after approximately 55 years, the 
compressive strengths of concrete lining are 
unable to withstand the induced-stresses 
by thrust force and bending moment. so, 
rehabilitation of tunnels was recommended.

KeYWorDs: Creep, time-dependent, the CVisC model, back analysis, shibli tunnel.
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1 inTroDuCTion

selecting the tunnel type is very important in 
subsea and sub-river tunnels if the difference 
between ordinary water level and flood water 
level is very high or if the difference between 
wave and tide levels is considerable. 

in this study, a smart groundwater draining 
system is proposed as shown in fig. 1 wherein 
the hydraulic pressure acting on a lining is 
managed using an automatic water control 
system, and the amount of groundwater flowing 
into the tunnel.

figure 1. The concept of smart drainage system.

The potential for the practical application of 
this system is investigated through a model test 
and numerical analysis. The results of the model 
test confirmed that any reduction in the hydraulic 
pressure of groundwater is characterized by 
being concentrated near the drainage hole. The 
results of a numerical simulation show that if 
water control devices are adequately arranged 
and operated around the tunnel, the hydraulic 

pressure acting on the tunnel lining can be 
controlled.

figure 2. Hydraulic pressure control stages.

The operating principle of the automatic water 
control device is shown in fig. 2. if the hydraulic 
pressure measurement sensor installed in 
the tunnel detects that the hydraulic pressure 
applied to the tunnel has reached the set value 
(point A), as in Stage A, the system allows inflow 
by operating the automatic/manual discharge 
valve for lowering the hydraulic pressure. in 
stage b, when the hydraulic pressure applied 
to the tunnel drops to the normal level (point b), 
the valve is closed.

2 ConClusions

in this study, a drainage system for the economic 
construction of tunnels is proposed for the 
environments in which the hydraulic pressure 
condition changes noticeably. it is found that 
the problem of watertight tunnels and those of 
drainage tunnels can be optimized. using this 
solution, therefore, the problem of excessive 
concrete lining in watertight tunnels can be 
solved; meanwhile, for drainage tunnels, the 
drainage system enables to construct random 
shape tunnels.



Tunnels for a better life.                                                                                                                           ISBN 978-85-67950-00-6

102 

Development of a new design for Metro Stations

M. a. a. P. silva
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Companhia do Metropolitano de São Paulo, São Paulo, Brasil.

P. Grasso, D. Mitrugno, G. Pradella
Geodata Geoengenharia do Brasil, São Paulo, Brasil.

1 inTroDuCTion

The são Paulo Metro network is currently 
undertaking its fifth expansion, being the 
brooklin station one of its key components. 
Metro lines in densely occupied urban zones 
demand the optimization of engineering 
solutions for the construction work to affect as 
little as possible its surroundings, making the 
adoption of innovative solutions essential to the 
viability of the projects.

2 ConCePT

The Brooklin Station concept is a five (5) 35 
m diameter circular intersecting shafts with 30 
meters deep, and 140 meters of longitudinal 
development with a total excavation surface 
of 4250 square meters. excavation will be 
executed in both soft to median soil, being the 
last 10 meters characterized by the presence of 
very stiff clay. 

Water control and management is 
fundamental as all the brooklin station area is 
at a contaminated zone, thus not being possible 
to execute any dewatering process. since the 
water level is near the surface the structural 
demand is also very significant and has to be 
evaluated.

To be able to address all the different 
challenges, a new innovative design has been 
introduced, combining the five shafts design with 
a diaphragm wall executed with Hydromill without 
any external anchoring. The retaining structure 
is comprised of a 1,0 m thick diaphragm wall, 

with the primary panels executed with the clam 
shell and the secondary panels with Hydromill 
(figure 1), resulting in a watertight solution. The 
balance will be achieved by internal struts at 
multiple levels, optimized by the arching effects 
obtained from the shaft’s geometry.

 

figure 1. Juxtaposed panels detail.

3 ConClusion

This paper presents relevant design and 
constructive aspects of an innovative solution 
for brooklin station, utilizing the Hydromill 
to develop a watertight solution for the 
retaining system. This innovative engineering 
solution allowed to overcome geological and 
environmental difficulties and the results 
achieved proved that the project was a 
success, shortening construction time, with low 
deformability ratio in the retaining structure and 
no environmental liability to the Metro Company 
and the constructor.  

KeYWorDs: retaining wall, circular intersecting shafts, Hydromill
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Access and Pedestrian Safety Project

n. sokol, M. adams
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Arup, Houston, USA.
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1 inTroDuCTion

The sydney opera House (soH) is one of the 
world’s most iconic structures. With 8.3 million 
visitors each year and 1,000 vehicles arriving 
and departing each week, the original delivery 
access routes shared between pedestrians 
and traffic can no longer cope with this 
combined volume. The auD $152M Vehicle 
access and Pedestrian safety (VaPs) project 
is being constructed to separate pedestrians 
and delivery vehicles for safety and efficiency 
while maintaining operation of six performance 
spaces and seven restaurants within the soH 
complex.

The Vehicle access and Pedestrian safety 
(VaPs) project was initiated in order to separate 
vehicles and pedestrians by diverting freight 
traffic via a mined tunnel into a new sub-level 
loading dock with access tunnels linking it to 
the existing soH basement and ground level 
facilities. The design and construction of the 
tunnels are discussed with particular attention 
paid to the risks involved in excavating under a 
unesCo World Heritage listed site. The project 
was further complicated by low rock cover, 
high surcharge loads, a high horizontal stress 
regime, and a skewed, 17m spanning, flat roof 
intersection of the tunnel and loading dock.

2 Tunnel DesiGn & eXCaVaTion

The design of the temporary support on the VaPs 
project is founded on principles developed and 
applied in Hawkesbury sandstone over the past 

30 years, beginning with the adjacent opera 
House underground Parking station. Making 
use of the Voussoir beam rock mechanics 
model, calculations were verified by 2D and 
3D discrete element analyses. The timing of 
the support installation was closely tied to the 
excavation sequence in order to limit ground 
movements under structures. 
excavation on the VaPs project has been 
performed by Mitsui Miike s125 and s300 
roadheaders, excavator-mounted hydraulic 
hammers and brokk demolition robots.
a rigorous instrumentation and monitoring 
program measured the response of structures 
to the excavation, as well as sidewall deflection 
and tunnel convergence, both of which are 
compared with design assumptions.

3 ConClusion

The sydney opera House presents a unique 
and challenging environment in which to 
design and construct tunnels and underground 
excavations. The complexity and sensitivity of 
the existing structure, excavation shape and 
geotechnical conditions drove the development 
of robust temporary ground support designs, 
innovative construction sequences and a 
comprehensive instrumentation and monitoring 
program. Close collaboration between designer, 
constructor and client allowed for optimization 
of the ground support and sequencing, resulting 
in the successful completion of excavation 
with no disruption to the sydney opera House 
performance schedule.
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1 inTroDuCTion

after nine years of operation, a hydroelectric 
plant in northern Costa rica started to 
be affected by landslides, after important 
earthquakes occurred nearby. one of its main 
components, the low pressure penstock, was 
installed in the surface of an unstable zone. 
Thus, very big displacements, in the order of 
dozens of centimeters, affected the structure 
till the owner had to replace it completely. 
However, the new penstock also is affected by 
the active behavior of the foundation soil. The 
paper explains the problem, the analysis done 
and the final proposed solution, which consist 
of an underground pass beneath the landslide.

Two alternatives were proposed to solve the 
stability problems of the pipeline zone.

The first option consisted in creating a 
deep drainage screen by using micro tunneling 
construction technique (pipe jacking), while the 
second solution was to excavate a tunnel in the 
stable ground under the landslide zone. both 
options are shown in figure 1.

stability analysis including the drainage 
screen (option 1) gave a safety factor in 
static condition between 1,14 and 1,21, with 
probability of failure from 12% to 22%. While, for 
the pseudo-static case, safety factors fall below 
1.0 in all cases, with probabilities of failure above 
67%. Therefore, according to the analysis, this 
alternative by itself does not guarantee the 
operational continuity of the plant.

The second proposal was further analyzed 
with corresponding relocation of the pipe, under 
passing the unstable region through a tunnel.

 

Figure 1. Options for ensuring the penstock: surficial (OP-1) 
or underground (oP-2).

The pipeline would be installed inside the 
tunnel, which would facilitate maintenance. This 
option involves the construction of a vertical 
shaft of 5,0 m diameter and 55 m depth, for 
connecting the reservoir with the pipe inside of 
the tunnel. 

2 ConClusion

in this case, despite cost considerations, the 
underground solution was the only way to 
rehabilitate the plant while assuring the required 
operational safety standards.

KeYWorDs: landslide, tunnel, hydroelectric.
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Design methods for fibre reinforced concrete

a. H. Thomas
Ramboll, Copenhagen, Denmark.

1 inTroDuCTion

fibre reinforcement has matured as a technology 
and it is now often used for tunnel linings in some 
countries, both in precast concrete segments 
and sprayed concrete (sfrs). for example, 
the Crossrail project in london features steel 
fibres for the segments in the running tunnels 
and also the permanent sprayed concrete 
linings for the station tunnels. While various 
design guides have been published and a range 
of test methods and specifications exist, there 
remains some confusion about how best to use 
fibres. Test methods include beams and plates, 
both square and round, characterising the 
material in terms of energy absorption or flexural 
strength. in addition there has been a vociferous 
debate about the relative merits of macro-
synthetic and steel fibres. This paper reviews the 
state of the art, based on extensive experience 
of using fibre reinforcement for tunnel linings, 
and recommendations are made in terms of a 
consistent combination of the design approach, 
test methods and specification. The paper 
covers both soft ground and rock tunnels.

The most recent design method which 
can be used for capacity curves for linings in 
soft ground is the Model Code (fib 2010). In 
the author’s opinion there is no reason why 
this method cannot be used for both steel and 
macrosynthetic fibres. There are some gaps in 
the code, such as defining some of the strength 
parameters, if no test data is available, or design 
guidance for shear. 

Considering rock tunnels and analytical 
methods, barratt and McCreath (1995) remains 
one of the best. This can be extended to cover 
all ages of sprayed concrete.

regarding durability, there are some 
significant issues such as creep and 
embrittlement which are discussed briefly in the 
paper.

2 ConClusion

The technology has matured in the sense 
that the scientific study has led to a greater 
understanding of the behaviour and this has 
been translated into design guidance. The pace 
of innovation has slowed as the pressure to 
improve the performance of the material has 
slackened but issues such as embrittlement 
or the appearance of new materials such as 
carbon fibres may change this. 

arguably the Model Code represents the 
best design method. some further work is 
required to fill the gaps in the design methods 
(e.g. shear capacity) and to harmonise national 
codes for specifications (such as EN standards) 
and the latest refinements in the test methods. 
Hopefully, the iTatech guidance on the use of 
fibres in segmental linings will be a useful step 
in this process.

KEYWORDS: fibres, sprayed concrete, design methods, testing, specification, durability
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1 inTroDuCTion

The sparvo tunnel is part of the “Variante di 
Valico” project in italy, a new 65,8 km highway 
link under construction in order to upgrade the 
apennines section between sasso Marconi and 
barberino di Mugello, which connects bologna 
to florence. The “Variante di Valico” project is 
divided into 13 lots, and the 2,6km twin sparvo 
tunnels are the main tunneling works on lots 
6/7 “la Quercia – badia nuova”, which Toto 
Costruzioni Generali acquired for a total contract 
sum of 420 million euros. 

sparvo’s geology is characterized by 
a complex and heterogeneous rock mass 
(claystone, sandstones and ophiolites) with high 
concentration of naturally trapped methane gas.

The contractor has addressed this technical 
challenge purchasing a state-of-the-art TbM 
and gathering leading experts in the field to 
assure both a constant high production and high 
quality in excavation and lining of the twin tubes. 
This project has presented new challenges that 
will be commented on in the final summary.

The TBM has record figures:

•	 excavation diameter (world’s largest TbM- 
ePb shield): 15,62 m

•	 total length: 130 m
•	 total weight: 4500 t

The TbM is equipped with an automatic gas 
monitoring system and predefined explosion 
proof ATEX zones. Since it is sure to find a 
methane gas mixture locally called “grisou”, the 
TbM is divided into 3 zones to ensure a safe 
working environment.

2 ConClusion

Thanks to intensive cooperation with the owner 
(autostrade per l’italia spa) and the contractor 
(Toto spa) basf has succeeded in developing 
a tailor made soil conditioning, including foams 
and polymers, which allowed “Martina” to 
advance with record figures. 

in terms of performances, the TbM achieved 
a maximum daily production of 24 m (12 rings), 
a maximum weekly production of 126 m (63 
rings) and a maximum monthly production of 
406 m (203 rings).

Total excavation times amounted to 11 
months to complete the first tunnel (North, 
direction florence to bologna) and 8 months 
to excavate the second tunnel (south, in 
the opposite direction), completing a highly 
successful tunneling operation, which took TbM 
technology to a new dimension.

This is the result of a joint partnering 
approach of autostrade, Toto and basf.

figure 1. Tunnel size compared to a car

KeYWorDs: TbM, soil, conditioning, biggest, concrete, segments, methan, foam, polymers
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Geotechnical Parameters defined by a Back-Analysis
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1 inTroDuCTion

Tunnelling design in soft soils represents a 
special challenge for designers, under any 
condition in which it is intended to develop a 
project of this kind. Given this need, following 
are shown results of a case study from special 
conditions identified during the construction of 
the road tunnel named “la estrella”, which is 
part of the main road to the “la línea Tunnel” 
in the area known as “alto de la línea”, 
located at the central zone of Colombia, south 
america. a back-analysis was developed, using 
geotechnical instrumentation implemented, 
support installed and construction conditions 
in la estrella Tunnel, it allowed to validate 
geotechnical parameters (e, Ko, n), and with a 
pattern identified, to generate recommendations 
for similar cases of tunnels built in volcanic 
materials and residual soils with low overburden. 
This analysis was developed using Phase 2, a 
geotechnical modeling tool for both soil and rock 
analysis using finite elements.

2 ConClusion

on the basis of the results obtained, with the 
study developed, it is allowed to reach the 
following conclusions, and therefore some 
design recommendations for tunnels in special 
construction conditions, as the geological-
geotechnical environment in which it develops, 
as well as geometry and geographical conditions 
in which the construction of the tunnel it will be 
carried out.

in similar conditions to those which the “la 
estrella Tunnel” was excavated, where in a large 
part, of its length, the ground conditions were 
dominated by volcanic ash and residual soils 
with overburdens both vertical and lateral, not 
larger than 40 m, which submits to the section 
to an anisotropy, induced by the variation of 
irregular overburden, with which the selection 
of the support, determine the success of the 
requirements of the place where the tunnel 
will be constructed. from the back-analysis 
here developed, it was possible to determine 
that for these conditions, the use of anchor 
bolts as part of the support designed, does not 
include any contribution to structural support, or 
minimizes the effects generated and reflected 
in the behavior of the section excavated, which 
generates an unnecessary cost for any project 
under these conditions.

Earth Pressure Coefficient, Ko, for similar 
conditions where, “la estrella Tunnel” was 
constructed, a value Ko = 0.5, could be 
considered because of the relationship of 
stress becomes smaller considering that the 
confinement stress decreases.  

It was identified that for the variation of the 
Poisson’s ratio employed (0.20 - 0.49), by the 
Back-Analysis it was identified that the range 
more approximate to the real measurement got 
during construction, it is found between 0.20 
and 0.30.
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1 inTroDuCTion

This paper aims to share the lessons learned 
from the conventional excavation induced 
settlements in the Metro project of Üsküdar 
– Ümraniye – Çekmeköy (uuC) in istanbul. 
starting from the recently opened Marmaray 
railway link in Üsküdar, the metro stretch runs 
17 km eastwards underneath a high dense 
urban area, whereof 8 km of tunnels are being 
excavated using conventional methods through 
weak to medium sedimentary rocks. 

2 seTTleMenTs PreDiCTion 

Due to the large extension of the project, the 
conventional excavation induced settlements 
have been systematically predicted using the 
semi empirical Gaussian curve approach. 
according to the expected geological conditions, 
a trough width parameter K has been estimated 
in function of the tunnel depth (Z0) for cohesive 
soils and the volume loss predicted using the 
convergence-confinement method.

a back analysis, based on the available 
monitoring data from the installed transversal 
section leveling pins along the alignment, has 
been performed to verify the predicted K and 
volume loss and justify the applicability of the 
Gaussian curve for the weak rock excavation 
conditions of the uuC project. The figure 
1 shows the recorded ground movements 
induced by two platform mining tunnels, which 
fit a Gaussian curve. Moreover, the use of 
the K formulation for cohesive soils and the 
calibration of the volume loss have been fairly 

successful since the actual settlements trough 
falls between the expected limits.

figure 1. leveling pins data and calibrated Gaussian curve at 
Kisikli station (rMr<20)

3 ConClusion

The systematic approach for settlements 
prediction of mining excavation has given 
successful results. The estimated settlements 
trough has been contrasted with the ground 
movements from monitoring showing fine 
similarities in shape, width and maximum 
settlements basin. Hence, although the semi 
empirical Gaussian theory was conceived for 
the settlements estimation in a continuous 
and homogeneous soil, its application resulted 
successful in weak rock excavation, as in uuC 
project, with a significant gain in prediction 
speed and accuracy.

KeYWorDs: conventional excavation, settlements prediction, buildings assessment.
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1 inTroDuCTion

as part of the detail design for santiago Metro 
line 3, a building damage assessment was 
carried out to determine the most vulnerable 
buildings prone to damage due to tunneling. 

The process of assessing the level 
of damage for buildings close to a tunnel 
construction project included different stages of 
studies, starting from the detection of damage 
zones until the development of a building risk 
assessment.  The entire assessment for building 
damage due to the excavations of santiago 
Metro line 3 is described in this article.  

The Metro line 3 will run through santiago 
de Chile, comprising about 20 kilometers. The 
tunnel excavation is made by a naTM method 
and a critical part of the alignment will be in the 
city center, where most of the buildings present 
some level of damage. The soil in this zone is 
characterized by consolidated and cemented 
gravels without significant underground water 
presence. 

The first stage of the risk damage assessment 
was focused on hazard zone detection in order 
to identify buildings prone to damage along 
the line 3. The second stage assessment was 
based on a detailed building condition survey, 
ground and foundation movement estimation 
using 3D Finite Difference and 2D finite element 
analyses and the use of different classification 
damage methods such a burland (1974) 
and rankin (1984) according to the types of 
buildings. The classification methods were 
adapted to the initial condition of the buildings. 

figure 9. santiago Cathedral W-e axis. settlement at 
foundation level (Villouta, 2013)

2 ConClusion

from an initial number of 210 buildings detected 
within the influence zone, 20 were selected 
according to a preliminary damage assessment. 
The final assessment indicated that 3 of those 
buildings could have functional problems. 
Therefore, this approach was essential for 
assessing preventive actions for the most 
vulnerable buildings identified in this study prior 
the construction of line 3.

This study evidence the importance of 
including current condition of the buildings to 
develop a risk damage assessment of a tunnel 
project, since not taking it into account it can 
lead to underestimate level of damage and 
hence cost and safety issues may arise for a 
project.

KEYWORDS: Damaged Buildings, building risk assessment, classification damage adjustment
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1 inTroDuCTion

a large number of studies has been done on the 
mechanical behavior analysis in approaching 
construction of the overlapped tunnel(liu, 
2009; fang and He 2007; Wang et al. 2012; 
adden brooke and Potts,2001; lee and ng, 
2005; soliman et al,1993). However, most of 
the previous work focused on simple cases like 
twin tunnels, or the the interactions between the 
new tunnel and adjacent structures which are 
quite different from the overlapping tunnels with 
complex geological situation. Chengdu metro 
mainly pass through sandy cobble stratum which 
has high content of gravel, large grain size, high 
strata permeability, high strength of pebbles and 
boulders that are different form normal soft soil 
ground. This stratum is rare in domestic and 
aboard. in addition, due to the poor stability 
and lag settlement characteristics, sand gravel 
layers have influence on the construction of the 
overlapping tunnels (Wei 2009; bai et al. 2012).

based on the west extension line project in 
Chengdu metro line 2, the paper studied ground 
surface settlement and the structure stress, 
summarized plastic distribution zone around 
the tunnels as well as its variation regularity 
by different excavation sequence of shield 
tunneling in sandy cobble stratum. 

2 ConClusions

in accordance with the shield tunneling of the 
transit tunnels on line 2 of Chengdu metro, 
by numerical simulation of the two options of 
construction sequence as well as practical 
monitoring, conclusions are carried out as 
follows:

(1) Considering the earth surface settlement 
and the structural deformation, the bottom-up 
construction sequence is more reasonable.

(2)The plastic zone change rate of the top-
down is higher than the rate of next construction. 
The simulation data show that plastic zone 
corresponding to top-down tunneling procedure 
is 56% higher than another excavation 
procedures. after the completion of the top-
down sequence, the plastic zone is joined 
together, whereas, this phenomenon does not 
occur in the other sequence.

(3) in the construction of overlapping tunnel, 
the ground settlement is mostly caused by the 
soil deformation above the upper tunnel. The 
soil deformation between two tunnels is not 
largely accompanied with overall upward trend 
of the lower tunnel. The soil large deformation 
does not occur basically, and the upward trend 
of tunnel which may be caused by software itself 
seems slightly.
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1 inTroDuCTion

Many complex subway stations were built in 
Chongqing city of China and the span was very 
large, in order to study the effect of different 
excavation order on the stress field in surrounding 
ground, this paper used Midas GTs software 
to simulate the different excavation process. 
additionally, in order to ensure the excavation 
stability, the frequently-used methods, i.e. the 

CD method, the CrD method and the pilot tunnel 
method, could not satisfied the requirements, so 
a new excavation method was proposed and this 
paper researched on the effect degree of the pilot 
tunnel method (DPTM) and new method (PTsM) 
on the ground deformation, which verified that 
the new method is effective and can provide 
reference for building subway station in the 
analogous areas.
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when the wall is located beyond the critical 
distance.
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figure 1. DV/Vo versus basement depth (H) at different Pi/Po 
for the cases of Z=l=3r.

 

figure 2. DV/Vo versus basement distance (l) at different Pi/
Po (for Z=3r and H=6r). 

1 inTroDuCTion

Tunneling in a homogeneous, cohesionless 
soil under isotropic in-situ stress condition was 
modeled through finite element method. Tunnels 
of various depths (Z), adjacent basement of 
various depths (H) and distances (l) from the 
tunnel, were considered. 
The analyses were performed using the internal 
stress reduction method with gradually reduced 
stress ratio (Pi/Po, where Pi is the internal 
support pressure applied and Po is the in-situ 
stress) until the ground became unstable; and 
tunnel deformation (DV/Vo) was obtained. 
Tunnels of 5m in radius (r) were modeled. 
Typical results from the modeling showing the 
effects of basements of various depths and 
distances are presented in figures 1 and 2.

2 ConClusions

The following conclusions were drawn:
1) for a tunnel with a given depth, the 

critical basement depth and critical distance 
between the basement wall and tunnel are 
both approximately two times the tunnel depth; 
beyond the critical depth and distance, the 
basements of various depths and distances will 
essentially have the same amount of effect on 
the tunnel when considerable yielding occurs.

2) The stiffer the basement wall condition 
assumed, the smaller the resulted tunnel 
deformation when large yielding occurs.  The 
difference in effect on tunnel due to various 
basement wall conditions assumed is small 

KEYWORDS: shallow tunnel, tunnel deformation, finite element method, underground structure.
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bonded interface impacted by plane SH-waves
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KeYWorDs: circular lined tunnel; imperfect interface; dynamic stress concentration factor; plane 
sH-wave.

figure 1. Problem geometry.

Table 1. Value of dimensionless parameters.

Case i Case ii
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2 ConClusion

The influence of the boundary imperfections on 
the dynamic response of a lined tunnel under 
incident sH-waves was studied by using the 
wave function expansion method and the spring 
model for the imperfect interface. The distribution 
of DsCf around the lined tunnel and the variation 
of DsCf with the change in the frequency of 
the incident wave were presented. The results 
show that the boundary imperfections have 
different effects on the dynamic response of the 
lined tunnel to the low frequency and the high 
frequency incident waves. When the bond is 
extremely weak, the phenomenon of resonance 
scattering can be found. 

1 inTroDuCTion

underground structures are used for a variety of 
purposes in many areas such as transportation, 
mining, caverns for powerhouses and so on. in 
order to provide the safe condition during an 
earthquake, the support systems of underground 
facilities, such as tunnel linings, are usually 
designed to withstand both static overburden 
and seismic loading.

Generally, the interface between the tunnel 
and the liner is treated as perfectly bonded in 
previous studies, which means that the traction 
and displacement on the interface are continuous. 
in practice, interface bonding is often imperfect 
because of the presence of microcracks or 
interstitial media in the interface. in this paper, 
the primary goal is to study the effects of interface 
behavior between tunnel surface and liner on the 
dynamic response of lined tunnels under incident 
sH-waves using wave function expansion 
method and modeling the imperfect bonded 
interface with a spring model.

We considered an infinitely long lined circular 
tunnel of outer radius b and inner radius a in rock 
mass. a plane harmonic sH-wave propagates 
in the rock mass in the positive x-direction and 
meets the lined tunnel, see figure.1.

Two cases were considered in this paper 
and two groups of dimensionless parameters 
are given in Table 1. 1β  and 2β  are the wave 
number of the sH-wave in the rock mass and 
the liner, respectively. 1µ  and 2µ  are the 
shear modulus of the rock mass and the liner, 
respectively. Case i can be regarded as a 
concrete liner structure in rock, and CaseⅡ 
is a steel liner structure in rock. Three sets of 
dimensionless spring stiffnesses are given as 
shown in Table 1. The value of /b a  is 1.2.
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1 inTroDuCTion

Downtown line stage 2 (DTl2) is located in 
the western part of singapore which connects 
the bugis station and Depot at Jalan Gali batu 
via 16.6km long underground transit system. 
Contract 915 is one of the DTl2 contracts which 
comprises of the construction of 2.3km twin 
bored tunnels between Hillview station to the 
north and beauty Word station to the south. 
Total 3 nos. of Kawasaki’s slurry Tunnel boring 
Machines are used for this contract. The TbM 
drives face great challenges involving highly 
abrasive, high permeability and mixed face 
conditions of the bukit Timah Granite formation. 
Due to its variability of weathering properties 
and as the tunnelling works is generally located 
at shallow depth of which the material is more 
weathered, this leads to frequent cutter-head 
interventions and other associated problems 
created by the presence of localized sand 
lenses as well as mixed face of fractured rock 
and residual soil, which could cause localized 
face collapse during the restarting of TbM after 
intervention. To minimize risks due to variability 
of the ground condition, geo-tomography survey 
is carried out to map the mixed face locations 

and categorize properly the various weathering 
grades of the granitic formation along bored 
tunnel alignment. With this information and 
TbM operation parameters, planned cutterhead 
intervention locations are carefully decided. 
This has facilitated the TbMs to be operated 
in optimal condition prior to entering or leaving 
the mixed face locations. This paper describes 
the major challenges faced in both design and 
construction stages of the project, focusing on 
the tunnelling works in mixed face conditions, 
and outlines the successful controlled measures 
that were implemented to minimize ground 
surface settlement during tunnelling works and 
interventions.

2 ConClusion

Despite the challenging ground encountered 
along the tunnel alignment in Contract 915, the 
construction of the 2.3km twin bored tunnels 
using slurry TbMs was completed with no 
significant impact to the adjacent structures 
and buildings. There is also no large ground 
deformation caused by the bored tunneling 
works.
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Numerical Investigation on Urban Tunnelling under 
Groundwater Drawdown Condition – Impact on ground 
movement

C. Yoo
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1 inTroDuCTion

in this paper the ground surface movement 
characteristics associated with urban tunneling 
in water bearing ground are presented based 
on the results from a series of finite element 
(fe) stress pore pressure coupled analysis. a 
hypothetical tunneling condition was considered 
with due consideration of urban tunneling 
situations. a 2D fe model, capable of simulating 
the relevant tunneling procedures, was adopted 
for analysis. using the results, the ground 
movement mechanism caused by groundwater 
drawdown during tunneling was first examined.

The tunnel considered is a 10-m-diameter 
horseshoe shaped, drill and blast tunnel 
excavated in two layer ground condition. a 
commercially available general purpose finite 
element package abaqus ver. 1(abaqus 2011) 
was used in the analysis.  in order to realistically 
capture the interaction mechanism between the 
tunnelling and the groundwater, a fully coupled 
2D finite element model capable of simulating 
the sequential tunnelling process was adopted 
for analysis as shown in figure 1.
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Figure 1. 2D finite element model.

The results show that an increase in the 
drawdown level causes the ground surface 
settlement trough to become deeper and 
wider as shown in figure 2 which shows the 
normalized ground surface settlement profiles.
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1 INTRODUCTION 

In this paper the ground surface movement 
characteristics associated with urban tunneling 
in water bearing ground are presented based on 
the results from a series of finite element (FE) 
stress pore pressure coupled analysis. A 
hypothetical tunneling condition was considered 
with due consideration of urban tunneling 
situations. A 2D FE model, capable of 
simulating the relevant tunneling procedures, 
was adopted for analysis. Using the results, the 
ground movement mechanism caused by 
groundwater drawdown during tunneling was 
first examined. 

The tunnel considered is a 10-m-diameter 
horseshoe shaped, drill and blast tunnel 
excavated in two layer ground condition. A 
commercially available general purpose finite 
element package Abaqus ver. 1(Abaqus 2011) 
was used in the analysis.  In order to 
realistically capture the interaction mechanism 
between the tunnelling and the groundwater, a 
fully coupled 2D finite element model capable 
of simulating the sequential tunnelling process 
was adopted for analysis as shown in Figure 1. 

 
 

Figure 1. 2D finite element model. 
The results show that an increase in the 

drawdown level causes the ground surface 
settlement trough to become deeper and wider 
as shown in Figure 2 which shows the 
normalized ground surface settlement profiles. 

 

 

Figure 2. Normalized settlement troughs. 

2 CONCLUSION 

The results indicated that the tunneling-induced 
groundwater drawdown results in a deeper and 
wider settlement trough than without 
groundwater drawdown, and that the Error 
function approach does not yield satisfactory 
result in predicting a settlement profile.  Also 
shown is that the approach suggested by 
Attewell et al. (1986) tends to overestimate the 
horizontal displacement affected zone for 
tunneling conditions with groundwater 
drawdown. 

Urban Tunnelling under high hydraulic head – Impact on ground 
movement 

C. Yoo 
Sungkyunkwan University, Suwon, Korea 

KEYWORDS: Urban tunneling, Ground movement, Groundwater drawdwonFinite element analysis. 

figure 2. normalized settlement troughs.

2 ConClusion

The results indicated that the tunneling-induced 
groundwater drawdown results in a deeper and 
wider settlement trough than without groundwater 
drawdown, and that the error function approach 
does not yield satisfactory result in predicting 
a settlement profile.  Also shown is that the 
approach suggested by attewell et al. (1986) 
tends to overestimate the horizontal displacement 
affected zone for tunneling conditions with 
groundwater drawdown.

KeYWorDs: urban tunneling, Ground movement, Groundwater drawdwonfinite element analysis.
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1 inTroDuCTion

When a train enters a tunnel at high-speed, a 
micro-pressure wave generates at a tunnel exit 
and air pressure in a tunnel changes largely 
and rapidly. This paper shows optimization 
process of tunnel portals to reduce both a micro-
pressure wave and large pressure variation 
simultaneously. a shape design optimization 
of a tunnel hood is conducted to reduce micro-
pressure wave and a length of a dummy tunnel 
duct is calculated for the reduction of the 
pressure variation. 

2 ProCess anD resulTs

firstly, the length and the radius of a hood 
are considered as design variables and the 
aerodynamic interactions between a train and 
a tunnel is simulated with an axi-symmetric 
numerical analysis. an approximation model 
with an artificial neural network is applied to 
find the length and the radius of a hood for 
the minimum micro-pressure wave. secondly, 
the length of a dummy tunnel duct is defined 
to minimize the pressure variation using the 
superposition between a compression wave and 
an expansion wave. in order to show an effect 
on the reduction of a micro-pressure wave and 
pressure variation, a portal shape of a 570m 
long tunnel is optimized. Micro-pressure wave 
and pressure variation can be reduced by about 
73 % and 74% respectively, when the tunnel 
has just about 26m long and 1.6times bigger 
radius of a hood than an equivalence radius of a 

tunnel with about 35m long dummy tunnel duct 
at each tunnel portal. The micro-pressure wave 
and pressure variation are effectively reduced 
because both pressure change rates and 
pressure gradients are decreased, as shown in 
figure 1.

figure 1. Pressure variations on the train surface.

3 ConClusion

The tunnel with the optimized hood and the 
dummy tunnel duct reduces the micro-pressure 
wave by 73% and the maximum pressure 
variation by 74%. Consequently, the micro-
pressure wave and the pressure variation are 
effectively reduced with the optimized hood and 
the dummy tunnel duct simultaneously when the 
high-speed train passes the tunnel.
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1 inTroDuCTion

The physical and mechanical characteristics 
are very complicated for completely weathered 
granite(CWG). it exibits very poor water stability, 
distinct rheological properties as in soft rock and 
noticable regional difference.

in order to grasp the rheological properties 
in CWG along Guizhou to Guangxi railway and 
facilitate the construction, taking the Dongkeling 
tunnel on the railway as the background, test 
samples were taken on the site and processed 
into three groups with different water content, 
respectively 14.36%, 27.31% and 39.18%, the 
corresponding saturation degree being 35.6%, 
67.0% and 96.2% respectively, in the laboratory 
for indoor rheological test. an improved uniaxial 
compression rheology instrument was used to 
carry on the test. The multi-stage loading was 
adopted and the maximum load was determined 
by the uniaxial compression strength. The 
loading time was determined by the strain rate 
variation of specimens. five stage loading was 
adopted including 25n,50n,75n,100n and 

125n. The total duration of loading was 300 
hours or so.

The creep curves were obtained for the 
samples under different stress levels. The 
rheology curves under constant load level 
were got for all specimens by using the overlap 
principle. it was found that the curves conformed 
to the feature of the burgus rheology model. 
Then the model parameters were obtained by 
nonlinear least-squares method fitting for each 
specimen. analysis of the mean values of the 
parameters for each group shows that the steady 
creep rate, especially the transition coefficient 
are sensitive to the multi-loading method and 
other parameters are not. Comparison between 
three groups of parameters shows that the water 
content has effect on the rheology parameters, 
and the water content higher, the shear modulus 
smaller, the transition creep section shorter and 
the creep rate larger. The creep parameters vary 
little under medium water content and below but 
greatly as the water content is near saturation.
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1 CessaTion siMulaTion MeTHoD anD 
resulTs

Construction cessation usually cause tunnel 
callapse in weak ground as the cessation time 
is long. Taking Dongkeling tunnel on Guizhou-
Guangxi line as the engineering background, 
the 3D viscoelasto-plastic rheological model 
was established to find the evolving rules of 
deformation at critical locations under two 
different water content. 

The indoor rheological experiment and back 
analysis were performed to obtain the rheological 
model and its parameters of the ground. in 
calculation, the Cvisc model was adopted to 
simulate the surrounding rock, which was the 
series model of burgus submodel and the Mohr-
Coulomb, being the same as a burgus model 
in elastic status and a Mohr-Coulomb model 
on plasticity occurring. Three bench excavation 
method was adopted with core left in the upper 
bench and the support was applied one step 
behind the excavation. The construction was 
ceassed when the primary support of the upper 
bench reached 30m section, then the cessation 
would last three months, and the rheology effect 
was calculated for positions around the tunnel 
and ahead of the work face.

The calculation results show that during 
cessation, if the cessation work face was 
not sealed or consolidated, the arch crown 
settlement and the horizontal displacement of the 

upper bench springing on the section increased 
with a gradually slower rate.The longitudinal 
displacements ahead of the cessation work 
face developed almost linearly after cessation, 
therefore, the cessation work face would lose its 
stability when the cessation time was long, and 
the stability of tunnel work face was poorer than 
the cross section. The upper bench would have 
a smaller and smaller space and at the same 
time, a larger and larger height/span ratio, which 
was a beneficial factor to large span tunnel. The 
influenced scope and plastic area also enlarged 
during cessation.

The deformations had the same evolving 
rules for the low water content(14.36%) as the 
high water content(39.18%). but under high 
water content, the deformations were all larger 
than under low water content as to the value 
and the rate. The longitudinal influenced scope 
was also much larger than the low water content 
case. 

2 ConClusion

Decreasing the water content can improve 
stability in both the cross section and the work 
face. 

sealing or supporting the work face is very 
necessary to tunnel stability especially the work 
face stability before cessation for possible long 
period of cessation and soft rock with typical 
rheological properties. 

KeYWorDs: cessation, rheology, work face,water content
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1 inTroDuCTion

shield tunneling has become an attractive 
method in the development of urban 
underground projects. The target of the shield 
tunneling management is to manage, visualize, 
and analyze the shield tunnel construction 
data. The paper addresses precast tunnel 
segments for the west line of the Hongmei 
south road Tunnel to study how to monitor and 
record the structural behavior of precast tunnel 
segments, such as deformation, leakage and 
cracks. To aim this target, an intelligent system 
based biM is designed and created (figure 
1). The system are divided into four layers, 
data capturing layer, information management 
layer, interactive information processing layer 
and information intelligent exploring layer. at 
the data capturing layer, the shield excavation 
information, the ground surface settlement 
information and the surface texture of segments 
are collected by a special mobile devices and 
wireless sensor network. Tunnel biM model is 
a core of the information management layer, all 
data are connected with biM model, and then 
saved into the spatial-temporal database. The 
history and real-time information are visualized 
dynamically and interactively based on biM 
model according to user’s requirement so as to 
seek the relationship between segment defects/
damage and construction data. information 
intelligent exploring layer provide some data 
mining tools to analyze the reason of segment 
defects/damage. This system was applied in 

Hongmei south road Tunnel project and help 
technicians optimize construction scheme and 
decrease segments defects/damage.

figure 1. a system for the analysis of precast tunnel segments.

2 ConClusion

The system for the analysis of precast tunnel 
segments during shield tunneling based 
biM is developed to manage, visualize, and 
analyze shield tunnel construction data and 
is applied to the Hongmei south road-Jinhai 
road Cross river Tunnel Project. it achieves 
good performances that the biM models can 
be automatically generated based on specific 
construction parameters. Therefore the system 
can help the user seek the relationship between 
segment defects/damage and construction 
data by intelligent analysis. The relationship 
contributes to optimizing construction scheme 
and decrease segments defects/damage.
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VSM Shaft Sinking Technology – Mechanized Shaft Sinking 
with the VSM in different Projects for Subway Ventilation Shafts
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1 inTroDuCTion

sinking shafts below the ground water level 
can be a difficult process especially in unstable 
heterogeneous soils where the conventional 
methods in this field sometimes have to be 
supported by additional measures like soil 
stabilization. This article describes the features 
and benefits of the vertical shaft sinking machines 
and describes the typical works and processes 
on a shaft sinking project with the VsM. 

The Vertical shaft sinking Machine 
(VsM) consists of two main components, the 
excavation unit and the lowering unit. 

The excavation unit systematically cuts and 
excavates the soil and consists of a cutting 
drum attached to a telescopic boom that allows 
excavation under the cutting edge and if required 
can also perform an overcut.

The excavation process is carried out below 
the ground water level and is fully remote-
controlled from the surface. no ground water 
lowering is necessary. 

a slurry discharge system removes the 
excavated soil and a submerged slurry pump 
is located directly on the cutter drum casing. it 
transports the water and soil mixture through a 
slurry line to a separation plant on the surface.   

The lowering unit stabilizes the entire shaft 
construction against uncontrolled sinking by 
holding the total shaft weight with steel strands 
and hydraulic jacks. When one excavation cycle 
under the cutting edge of the shaft is completed, 

the complete lining can be lowered uniformly 
and precisely. 

The whole operation takes place from the 
surface and is controlled by the operator from 
the control container. all machine functions are 
guided remotely without the necessity to view 
the shaft bottom or the machine.

The shaft lining is installed at the surface and 
is in most cases made up with precast concrete 
segments. in general these are comparable to 
tunnel linings, however bolts and connectors 
can be handled from outside the shaft.

2 ConClusion

in this paper, the VsM technology is presented 
and all the relevant steps from the pre-
excavation on the job site to the finished and dry 
shaft are described. after that the article gives 
four examples of successful projects among 
others.

The VSM has proven its benefits to sink 
shafts in a good performance on small inner city 
job sites without lowering the ground water at all.

around 3.000m of shaft sinking have given 
an interesting track record. The VsM technology 
will be further developed. Concepts are available 
for bigger shafts of up to 16m internal diameter, 
for bigger launch shafts or stations. Moreover, 
the development goes in the direction of deeper 
shafts down to 150m or a basic VsM machine 
concept for utility shafts down to 35m.

KeYWorDs: shaft sinking, Vertical shaft sinking Machine, inner-City shafts, Ventilation shafts.
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1 inTroDuCTion

The installation of foundation elements (large-
diameter bored Piles or Diaphragm Walls) for 
the carrying out of underground works to be 
performed through the “Top Down” Technique 
(Stations, Car Parks, Subways, Artificial 
Tunnels) often implies the need to insert 
within said foundation elements, with pinpoint 
accuracy, some steel or prefab structures 
serving as provisional/definitive columns of the 
whole work structure.

The future high-speed railway station of 
Florence Belfiore is a gorgeous example; the 
new station will be built in the northwest area 
of florence, located about two kilometers away 
from the existing station of santa Maria novella. 
The project envisages the accomplishment of 
about 500 bored piles, 1200-1500-2100 mm 
diameter, with lengths ranging from 50 and 70 
m. in the upper inner part of 250 piles, a steel 
column (weight: 15-20 tons, length: 22-25 mt.) 
has to be inserted with pinpoint accuracy.

2 ConClusion

The “TreVi-CalaTore” system allows to 
adjust the proper plano-altimetric installation of 
the plunge columns and their verticality.

The “TreVi- CalaTore” consists of two 
lightweight frames (base frame and leveling 
frame), not bulky, that can be quickly installed 
just by means of a small service crane.

The main feature of the system is that the 
planimetric adjustment is initially performed by 

moving the upper leveling frame, with the base 
frame previously positioned and fixed to the 
drilling casing; only when the leveling frame is 
in perfect position, the steel heavy column is 
lowered and suspended in the proper position, 
by adjusting the tilting. in this way there is no 
need to translate the heavy column, so the base 
and leveling frames can be considerably lighter.
The “TreVi-CalaTore” has the following 
advantages and innovation features:

1. all the supporting and adjusting devices of 
the system are located out of the excavation, 
hence it is easy to access and control;

2. The system consists of lightweight and flexible 
steel frames, easy to handle;

3. The system allows to install and adjust the pillar 
column’s  position regardless of the pile steel 
cage previously laid; in that way, the system 
allows to separate the verticality tolerances of 
the pillar elements (<0.4%), from those of the 
bored pile (generally < 1.5%);

4. The system allows to lay pillar columns or 
elements with different shape or dimensions.

KeYWorDs: top-down method, plunge columns, verticality control, bored piles, diaphragm walls.
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1  inTroDuCTion

The brasfond Group, specialized in deep 
foundations and geotechnical engineering, has 
introduced in brazil unprecedented technology 
for drilling Deep shafts with large diameters 
into rocks, also called “blind shafts.” using this 
method, the Pilot shaft is enlarged from the 
surface, thus eliminating the need for tunnels or 
galleries at the bottom end of the perforation. 
The technology has been widely used abroad 
in large civil engineering projects, reaching 
depths in excess of 800 meters and diameters 
up to 8.00 meters, which are enlarged in a 
single perforation step. in 2011, PeTrobras 
commissioned brasfond to build shafts 2.00 
meters wide (diameter) and 540.00 meters 
deep in Caraguatatuba. such shafts were 
connected to the Gastau tunnel built under 
the Mar mountain range. a unique job in latin 
america, it was performed in record-breaking 
time and, in addition to the execution of shafts, 
a pipe network was inserted for the passage of 
gas from the Mexilhão oil platform. The use of 
latest generation drilling equipment to carry out 
the Pilot shaft resulted in an absolutely vertical 
hole. all rock removed from the perforation by 
the reverse Circulation process could be used 
as aggregate material, since this technology 
uses exclusively water as drilling fluid, thus 
eliminating impact on the environment.

2  ConClusion

The implementation of the deep shafts of the 
GasTau project is certainly an extraordinary 
advance and an important milestone of national 
engineering. applying the “blind shaft” method 
for the first time in Brazil has opened a door 
for the development and the consolidation of 
sustainable projects in the sectors of power 
generation, transport of petroleum products and 
the mining sector. 

This quick and safe method totally eliminates 
the risk of occupational hazards, since it is fully 
computerized and does not require workers to 
descend to the drilled cavities during the work.

The execution of Deep shafts in a single 
stage by the “blind” method, has been widely 
used in europe and in the united states in 
Mining Projects, Hydroelectric Power Plants 
and recently in the foundations of offshore wind 
towers, with diameters up to 8.00 m and depths 
around 800.00 m.. 

Currently, in several european and asian 
countries, the execution of Deep shafts 
with large diameters using conventional 
methods is not allowed, and the “blind shaft” 
became mandatory within most international 
construction companies, with emphasis on the 
safety concepts and quality of this method.

Traditional excavations using explosives or 
conventional equipment and tools gave place in 
a decisive way to the innovative process adopted 
by brasfond in the implementation of Deep 
shafts with large diameters in Caraguatatuba.

KeYWorDs: blind shaft, deep, large diameter
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1 inTroDuCTion

The current and future expansion of the são 
Paulo Metro system will demand the construction 
of several shafts to utilize as stations, accesses, 
emergency exits, ventilation, and construction 
support. 

The monitoring of settlements is a key aspect 
for the successful construction of shotcrete 
supported shafts, which can be termed as 
sequential excavation Method (seM) or naTM 
in the vertical direction. 

This paper analyzes the instrumentation 
settlements data of 10 shafts from lines 4 and 
5, the most recent lines built by CMsP. 

using statistical analyzes the equations 
presented in figure 1 were obtained. 

figure 1. equations upper limits of settlements, considering 
geological units, granulometry and stiffness.

where s0 = maximum surface settlement, H = 
maximum height of the excavation, W = width of 
settlements curve and D = excavation diameter.

analyzing the width of settlements basin we 
note that this is smaller than twice the excavation 
total height, for soft to medium clays, and once, 
for stiff clays. Comparing with Peck (1969), 
a classical open cuts settlements estimation 
method, the results were 4 times and twice, 
respectively. These differences results from the 
particularities of the construction methods and 
demonstrate that we should take care while 
choosing the method for estimating settlements. 

for the maximum settlement can be 
observed that 0.23% of the total height is an 
upper limit for the analyzed data.   

2 ConClusion

The study of more than 150 settlements 
instrumentation data had led to obtaining an 
empirical method of estimating settlements due 
to shafts excavations executed by the sequential 
method and using shotcrete as support. 

This method considers the axisymmetric 
condition, excavation/support installation by 
steps and water table lowering. although simple 
and empirical, the method showed interesting 
results that may be use in similar cases for 
instrumentation design.    

KeYWorDs: shotcrete supported shafts, instrumentation and method of estimating settlements.
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1 inTroDuCTion

The final 7.8 km of Mexico City’s Metro Line 
12 tunnel, were constructed with an ePbM 
machine. The working shaft was designed at 
the end of the previous 2.7 km of cut and cover 
tunnel.

The working shaft site is within the lacustrine 
clays of Mexico City, which is a plastic and highly 
compressible clay, with high water content. The 
high compressibility and activity of this clay, 
combined with deep drainage, taking place in 
México City, cause settlements of more than 40 
mm per year, on the starting sector of the TbM 
tunnel.

To reduce surface disruption during 
construction the shaft is just 34 m long and 14 
m wide, with a depth of 18.7 m. for the same 
reason, the stabilization treatment to the initial 
working face of the TbM, was only 7.8 m long 
(figure 1). This is just half the length of the 
shield, and required the installation of a steel 
sealing ring around the shield during TbM 
assembly.

Design verifications on such a soft soil, 
considering the weight of the equipment 
installed, and the short length of treatment to the 
initial TbM working face, lead to the use of fDM 
for such verifications, adjusting the geotechnical 
parameters according to the laboratory tests 
of local soil samples and the observed local 
settlements.

The paper describes the design procedure 
and verifications carried out for the construction 
of the TbM working shaft within a very soft soil.

figure 1. initial tunnel face stabilization and water sealing ring.

2 ConClusion

local conditions required for the construction of 
a TbM working shaft as small as possible within 
a very soft “sinking soil”.

Despite the design challenges, the 
verification procedure with the help of the 3D 
fDM, calibrated with laboratory soil tests and 
surveys lead to no incidents during tunnel 
construction and TbM launching.

KeYWorDs: TbM Working shaft, Mexico City lacustrine clay, 3D fDM.
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Design and Construction of Shaft in Jurong Formation 
Sedimentary Rocks of Singapore

M. lu, X. Zhang, Z. Zhao, D. Mao
School of Civil and Environmental Engineering, Nanyang Technological University, Singapore.

Three alternatives of shaft design based on 
the simplified geological profile of the Jurong 
formation are proposed: in alternative i, spiral 
roads (single one-way spiral road or double one-
way spiral roads) are used for transportation in 
both construction and operation phases (figure 
1). alternative ii as shown in figure 2 has the 
similar shaft size as alternative i, with single 
one-way spiral road or double one-way spiral 
roads. in the alternative iii (figure 3), the shaft 
diameter is smaller than the one in alternative i 
and in the upper section of alternative ii.

We also discussed the various methods in 
shaft construction in both soil and rock layers, 
including the retaining structures, shaft sinking 
and water control approaches. in this paper, 
the three alternatives proposed are for the main 
shafts, which are aimed for the development of 
large scale rock cavern systems in the Jurong 
formation.   

Figure. 1 Profile of alternative I (Length unit: m).

figure. 2 Profile of alternative II (Length unit: m).

figure. 3 Profile of alternative III (Length unit: m).

KeYWorDs: shaft, support design, sinking method, Water control, Design alternatives.
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1 inTroDuCTion

for the construction and maintenance of a new, 
sewer scheme in the Middle east, a number of 
shafts were required of varying sizes. 

Diaphragm walls, constructed under 
bentonite, were used to build the shafts. The 
walls were constructed to full depth in the 
loose sand and layered rock, to facilitate the 
rapid construction programme. The design 
process revealed that the loads on the walls 
were substantially affected by construction 
processes. Two key effects were identified; 
firstly, the stress reduction in the ground due 
to excavation under bentonite, followed by the 
application of wet concrete pressures, which 
generated a very different pressure distribution 
from the in-situ earth pressures. secondly, it 
was found that arching in the ground around 
the panels as they are installed further affects 
the loads, and is dependent on the panel size, 
layout and soil/rock type.

The design was undertaken using 2D finite 
element analysis; a combination of axisymmetric 
analyses and horizontal slices were used to 
understand the ground response and quantify 
the effects of the construction processes used.

This paper will present the design approach 
adopted, and the results of the analyses. 

 

figure 1. example of mesh for analysis of panel construction 
in a horizontal slice

KeYWorDs: shaft design, construction processes
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Switzerland and Austria
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1 inTroDuCTion

To improve the rail link between northern and 
southern europe, large tunnel projects are 
currently under construction or being planned in 
europe. 

in this paper the Gotthard base Tunnel 
in switzerland and the semmering base 
Tunnel in austria are described in more detail. 
in order to shorten construction time, both 
tunnel projects have been divided in several 
completely independent construction sections. 
The excavation works are running concurrently 
from the portals and several intermediate points 
of attack.

since the tunnels in the alps are constructed 
with an overburden of up to 3000 m, the 
intermediate points of attack can often be 
realized only by means of shafts with a depth of 
several hundred meters or by means of access 
tunnels with a length of several kilometers.

The basic aspects of the dimensioning of 
the deep shafts are shown. The chosen tunnel 
excavation methods and the resulting mass and 
unit load transport into and out of the tunnel for 
the supply of the construction site have to be 
considered. Moreover, the space requirements 
for the ventilation and safety concept is important 
for the shaft layout. for a holistic layout of 
the logistics, the whole chain for mucking and 
transportation has to be taken into account.

exemplarily the shafts at the sedrun section 
of the Gotthard base Tunnel and the construction 
lot fröschnitz of the semmering base Tunnel 
section are presented. These shafts are used 
to access the underground tunnel construction 

sites. The shaft dimensioning and the resulting 
cross sections as well as the hoisting equipment 
are shown. 

figure 1. sinking of shaft ii at sedrun

2 ConClusion

The excavation works at the Gotthard base 
Tunnel have been completed. The system 
proved that it was designed correctly and 
the operations and maintenance were done 
properly. 

During the entire excavation process, the 
works were never delayed due to the hoisting 
equipment.

at the semmering base Tunnel the contract 
negotiations with the contractors are currently 
ongoing. They have offered the hoisting system 
as per the design and construction work will 
start in 2014.

KeYWorDs: Deep shafts, intermediate attacks, shaft dimensioning, hoisting.
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1 inTroDuCTion

in the northeast of the Valley of Mexico, a long 
and deep drainage tunnel is being built, with 
approximately 62 km in length and at a depth 
ranging between 32 and 149 m.

for the construction of the drainage tunnel 
with 7.00 m of internal finished diameter, several 
tunnel boring machines with outer diameter of 
8.70 and 8.90 m are being used. The tunnel will 
include an initial support of reinforced concrete 
segment rings and a final lining composed by 
cast in place reinforced concrete.

for the reception and launching of the tunnel 
boring machines, deep shafts are being built. 

The construction method for the two shafts 
(“a” and “b”) presented in this article included 
mechanical excavation of the core by stages and 
the placement of the initial support in the walls, 
by means of steel fiber shotcrete and steel ribs. 
at the lowest excavation level a bottom slab was 
built and then the final lining was added, both of 
them with reinforced concrete.

The shafts “a” and “b” have an inner 
diameter of 12.00 m and a depth of 118 and 
78 m, respectively. Ground level at shaft “a” is 
42.7 m above ground level at shaft “b”.

The core excavation of the two shafts, “a” 
and “b”, crossed four geological formations: 
tuffs and volcanic ashes, basaltic rock, alluvial 
deposits and a very hard clayey soil formation 
called Taximay.

The groundwater level (GWl) was found at 
60.0 m depth in the shaft “a” and at 26.8 m at 
shaft “b”. in both shafts the distribution of water 
pressure in depth is practically hydrostatic.

both shafts were analyzed with an feM 
program, considering two scenarios: the 
construction process and the partial demolition 
of the lower part to form the “windows” to 
receive and launch the tunnel boring machine 
(TbM) figure 1.

 

figure 1. entrance window for the TbM.

2 ConClusion

The realized analysis suggested that the digging 
of the shafts core would be carried out with 
conventional mechanical excavators for the soil 
formations and with a hydraulic hammer in the 
rock formation, placing an initial support system 
formed by steel fiber reinforced shotcrete and 
steel ribs.

The soil face in the Taximay formation 
behind the opened windows remained stable, 
as suggested by the analysis.
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1 inTroDuCTion

The development of new underground metro 
lines is one of the most suitable alternative 
transportation solutions in relatively dense urban 
areas. but, the construction of tunnel ventilation 
shafts is generally a critical issue in such 
areas due to the problems of land acquisition 
and accesses during the construction stage, 
environmental impacts on the neighborhood and 
associated costs. a particular attention must be 
paid at the design stage of the tunnel ventilation 
system to determine the most appropriate 
solutions regarding the strategies to be adopted 
for the shafts.

in metro tunnel, the ventilation shafts are 
part of the smoke management system but also 
required to bring adequate amount of fresh air 
during normal operation. in some countries, 
their locations are prescribed by the regulations. 
But most of the time, flexibilities are included 
leading to the opportunity for the designer to use 
a performance based approach to develop and 
optimize the ventilation system.

This paper introduces an example of such 
a performance based approach including a 
holistic approach developed and used recently 
for new metro projects. This approach includes 
various factors which influence the design and 
the optimizations of the ventilation shafts. 

The paper details some applications of this 
approach on new metro project such as the 
Chennai metro in india and the l4 metro line in 
rio de Janeiro in brazil.

2 ConClusion

The paper shows that compared to prescriptive 
approach, performance based design for tunnel 
ventilation system in metro project leads to 
additional opportunities to optimize the number 
and location of ventilation shafts. Those 
additional opportunities can be not negligible. 
indeed, these can not only lead to large 
investment cost savings but also in particular 
cases remove the constraints of building shafts 
in complex areas.
However, the optimizations shall not lead to 
significant decrease of the performances of the 
ventilation system and particular attentions must 
be paid to check that thermal comfort and safety 
objectives can be achieved. Consequently, 
appropriate methodology has to be used to 
propose relevant solutions and to assess 
properly the proposed design. The holistic 
approach detailed in the paper is particularly 
adapted for this purpose.
The application of the method on Chennai 
and rio l4 metro projects has particularly 
demonstrated that intermediate shafts could 
be avoided under certain circumstances. one 
of the main relevant solutions is based on the 
development of particular operating emergency 
procedures and on the implementation of 
specific functions in the signaling systems 
to prevent the risk of smoke propagation on 
following trains. 

KeYWorDs: Tunnel ventilation, Metro, fire safety, Thermal comfort, Performance based design
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1 inTroDuCTion

Pre-fabricated waterproofing sheet membranes 
are extremely complicated to install in 
underground sections with complex geometries 
and, despite being already subjected to quality 
tests in the factory, the installed membrane 
often exhibits leakages due to different reasons. 
Main sources of leaks are the required high 
amount of welding seams and damages caused 
during installation of reinforcement, as well as 
overstretching and poorly installed secondary 
concrete linings. also the design of the tunnel 
lining is strongly influenced and limited by the 
use of pre-fabricated waterproofing sheet 
membranes.

The use of sprayed waterproofing 
membranes since more than a decade has 
contributed to durability and serviceability, as 
well as to increasing sustainability of tunnel 
linings. 

This paper describes the use of the sprayed 
waterproofing membrane MasterSeal 345, the 
waterproofing concept, related design aspects, 
guidance for application and quality control, 
as well as two recent project references, the 
Hindhead Tunnel in the uK and the Tunnel de 
Viret in switzerland.

2 ConClusion 

The presented sprayed waterproofing 
membrane is an advantageous alternative to 
pre-fabricated waterproofing sheet membranes 
under typical tunneling conditions, especially in 

geometrically complex areas, such as in lay-by 
niches, cross passages and crossover caverns, 
where installation of conventional waterproofing 
membranes is inherently difficult and locating of 
leaks is challenging.

This membrane has been successfully 
used in underground projects with different 
waterproofing design concepts and under 
diverse hydro-geological and environmental 
conditions since more than a decade. it 
has provided tunnel designers with different 
options and optimization for the design of 
tunnel concrete linings. it provides a durable 
waterproofing concept matching the design life 
of the tunnel structure. 

in the case the tunnel lining is designed as 
a composite shell lining the savings through 
integration of a permanent sprayed concrete 
primary lining in the final lining design can be 
significant, as shown in the presented reference. 

additional advantages to owners, 
contractors and designers from the use of 
MasterSeal 345 include flexibility in the design, 
increased productivity and flexibility in working 
programming, as well as improved logistics, 
resulting in significant program and cost savings 
and reduced long-term maintenance costs. 

The authors believe that the presented 
sprayed waterproofing membrane provides 
designers and contractors with a great 
alternative for waterproofing of underground 
structures, changing the way they are looking 
at waterproofing concepts, and supporting the 
construction of sustainable underground spaces 
worldwide.

KEYWORDS: spray applied membrane, waterproofing, composite shell lining, MasterSeal 345
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1 inTroDuCTion

Time is a critical factor for tunnel construction 
and if grouting is needed the time efficiency of 
the grouting procedure is essential for the overall 
cost of the tunnel construction. in these paper 
field test of Multi-hole grouting are reported and 
the possible time saving actions described in 
comparison to single hole grouting. 

A series of multi-hole grouting field tests 
were carried out in the stockholm Citybanan 
station odenplan project. The objective of the 
tests was to investigate if multi-hole grouting 
could be used to increase productivity. 

Grouting was performed according to a 
typical scandinavian pre-grouting method 
using cement based grouts (w/c ratio 0.8) with 
sequential grouting in 21 m long grout holes. 
In the field tests, up to 8 holes were grouted 
simultaneously.

The multi-hole grouting shows that the 
handling time for moving a packer (time from 
pump stop to pump start) was normally about 5 
min. When more hoses were connected to the 
pump, the handling time for the pair of hoses 
increase (the handling time for a number of 
hoses per pump should be a factor of n hoses x 
5 minutes before the pump can be re-started). 

Grout production efficiency is strongly 
related to the number of hoses the grout 
personnel at the face can handle when 
grouting a rock mass with relatively low 
hydraulic conductivity. in the tests the handling 
times were about 50% of the effective grout 
time (pump time) which means that with an 

average grout time of about 10-15 min per hole, 
the personnel can handle about 2 – 3 hoses 
without losing production efficiency. For a rock 
mass with a higher hydraulic conductivity the 
grout time increases, which means that each 
person at the face can handle more hoses. it 
is estimated that a grout time/hole of about 20 
minutes would result in each person being able 
to handle up to 4 – 6 hoses during a multi-hole 
grouting operation without losing efficiency.

One of the more significant observations is 
that the grout workers competence (experience 
and education) is decisive for an effective grout 
process. on several occasions the grout works 
were disturbed because of planning mistakes 
such as hoses being too short or uncertain grout 
hole order.

2 ConClusion

The multi-hole grouting project shows that a 
significant reduction in production time can 
be achieved through multi-hole grouting. 
furthermore, the number of hoses that can be 
handled by each person is dependent on the 
hydraulic conductivity of the rock mass. 

in rock masses with a high hydraulic 
conductivity, multi-hole grouting can not only 
produce a better result with regards to grout 
production efficiency but also a better sealing 
effect, as problems with connected holes and 
difficulties in maintaining design grout pressure 
are minimized.

KeYWorDs: Grouting, Multi-hole, rock, Production, Case study, Time, Handling, stop criteria.
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1 inTroDuCTion

a new road bypass west of stockholm has 
been under investigation for several decades 
and a large number of different alternatives 
have been studied. To reduce the impact on the 
environment, 18 km out of the total of 21 km will 
be situated underground in tunnels. 

The stockholm bypass project is a new 
motorway that will connect the southern and 
northern parts of stockholm which will relieve 
the heavily trafficked existing motorway that 
passes through central stockholm The project 
consists of two main tunnels. each main tunnel 
has two separate tubes with three lanes each. 
The first is approximately 1.8 km and the second 
16.5 km.

2 MeTHoDs for DrainaGe

During the last decade the most common 
solution has been to install drains. The basic idea 
with a drain is to locally treat places with dripping 
or running water and not the whole tunnel. The 
experience today is that more drains have to be 
added in the coming 3-5 years after the tunnel 
has been put into service because all areas can 
be identified during construction. The Swedish 
transport administration has begun to question 
the use of the method. for the last major road 
tunnel project in sweden “The northern link” a full 
inner lining concept has been used. experience 
gained from the northern link has recently been 
used to update the proposed concept for the 
stockholm bypass project.

3 inner lininG ConCePT

The suggested solution for stockholm bypass 
consists of three different parts. Prefabricated 
concrete walls a sprayed concrete roof and 
a waterproof membrane. To eliminate the 
uncertainty of falling blocks on the inner lining, 
full scale test will be made. The purposes of the 
tests are to calibrate the numeric analysis made 
in earlier projects. The inner lining is not part of 
the load bearing structure of the tunnel.

4 ConClusion

The suggested inner lining concept will reduce 
the emission of green house gases both 
compared to a cast-in-place lining and the 
former applied systems with drains.

A reduction of fire prone materials will 
increase safety both in the construction phase 
but also when the tunnel is put into service.

as well as an environmental advantage the 
use of a inner lining concept with a mean lifetime 
of 150 years will be more economic than the 
earlier applied solution with drains. The inner 
lining concept will also be more economic than 
a cast-in-place lining mainly due to the reduced 
volume of concrete.

The inner lining concept is flexible and easy 
to install even when the geometry of the tunnel 
section changes.

KeYWorDs: inner lining, sweden, road tunnel, Drainage, rock tunnels
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1 inTroDuCTion

initially, when pipe umbrella support systems 
were special support measures, the installation 
was performed by special machines with long 
feeds so the supporting pipes could be installed 
in one piece. Consecutive technical develop-
ments in the field of rock drilling equipment 
allowed the installation of larger pipe diameters 
with conventional drilling machinery. Hence, 
the feed length of these machines is limited 
- consequently pipe umbrella pipes were 
installed piecewise and connected by threaded 
connections.

in general, standard threaded connections 
do have one big disadvantage: the section 
modulus of the pipe is tremendously reduced in 
the coupling section. Due to this fact, a standard 
cut threaded connection limits the support effi-
ciency. Consequently, more than 50 % of the 
regular steel cross section stays unused during 
construction, so the cost efficiency is very low.

a recent development – the so-called “nipple 
connection” – counters this weakness accord-
ingly. This connection type is as strong and as 
stiff as a regular pipe under bending.

for many project conditions, this optimum 
pipe connection solution is not required, so 
a simpler type of connection was developed 
without decreasing the safety conditions during 
construction – the so-called “squeezed connec-
tion”, which will be explained in the main part of 
this publication.

2 ConClusion

following the successful application of pipe 
umbrella support systems in past decades, one 
recent focus of R&D efforts in this field was 
the optimization of pipe connections. by intro-
ducing new connection types, the design of pipe 
umbrellas can now be accomplished according 
to specific ground and application conditions – 
the proper connection type can be chosen based 
on elastic design loads, stiffness properties, as 
well as operational considerations.

Table 1. exemplary elastic design values for 114.3 x 6.3 pipes 
with different connection types.

Parameter

regular 
pipe & 
nipple 

connection

squeezed 
connection

standard 
threaded 
coupling

second moment 
of area [cm4]

312.7 171.8 128.0

section modulus 
[cm3]

54.7 36.3 23.8

max. elastic 
moment [knm]

19.7 13.1 6.9

max. elastic 
moment [%]

100.0 66.5 35.0

These additional developments complement 
the knowledge base about umbrella support 
systems, so a realistic design and clear tender 
documents can be prepared. The proper choice 
of connection types in particular ensures a 
quicker installation and a higher safety for the 
involved workforce.

KeYWorDs: Pipe umbrella support, canopy tube, umbrella arch, pipe connection, design, safety.
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1 inTroDuCTion

Tottenham Court road station (TCrs) is a 
london underground (lu) station situated 
in central london. The station serves as 
an interchange between the Central and 
northern lines. a major upgrade to the station 
has been developed to relieve congestion, 
achieve step-free access and modernize the 
approximately 100 year old station.

In the first of its kind, the TCRS upgrade 
project has designed and constructed two 
sprayed concrete lined (sCl) “overbridges” 
(temporary works), which pass directly over the 
operational Central line platform tunnels. These 
were constructed as trains and passengers 
passed beneath the feet of the sCl miners, 
which is a first on the LU network.

Moving away from the traditional 3-stage 
hand mined solution, the tunneling operations 
created two caverns above the existing platform 
tunnels into which the permanent works were 
installed. Significant work was completed in 
order to ensure there was adequate ground 
support, to minimize ground movements and 
damage to the platform tunnel linings.

The full paper comprises an overview of 
lu’s network upgrade programme and crucial 
aspects encountered during sprayed concrete 
lining design and construction; i.e.:

i)  london underground’s network, upgrade 
programme and station upgrades,

ii) Tottenham Court road station 
background,

iii) TCrs upgrade project,

iv) innovative sCl overbridge design and 
comparison to traditional methods,

v)  sCl overbridge construction, and
vi)  Protection of existing station assets.

figure 1: longitudinal section through sprayed concrete lined 
overbridge after full top heading excavation and support.

2 ConClusion

This paper indicates some elements of london 
underground’s transport network upgrade 
programme and where the Tottenham Court 
road station upgrade sits within that plan. it 
describes the approach to and implementation 
of one of the most challenging parts of this 
project: two “overbridges” over the Central line 
westbound platform tunnel. This paper also 
shows the successful, innovative application of 
sprayed concrete linings. 

KeYWorDs: london underground, station upgrade, sprayed concrete linings (sCl), overbridges.
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Interlaid rock wall excavation method and use of information 
technology for construction of a shallow subway station with  
large cros section

l. bo, H. feng, C. linjie
School of Civil Engineering and Architecture, Chongqing Jiaotong University, Chongqing 400074, China.

W. Zusong
School of Application Technology, Chongqing Jiaotong University, Chongqing 400074, China.

1 inTroDuCTion

The vertical sectional profile of Wulukou station 
about left tunnel is presented in figure 1. as we 
see, some roads, buildings and municipal pipes 
will be crossed below so that the subsurface 
tunneling method has to be adopted.
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Figure 1.Geological profile of vertical section

an improved method of tunnel construction 
named by “interlaid rock wall” is put forward. 
The main process of construction by the interlaid 
rock wall method is shown in the figure 2. The 
excavation of whole crossing section is made up 
of 8 parts and 18 steps. 
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figure 2.excavation steps of the interlaid rock wall method

The distribution of surface settlement along 
horizontal direction is presented in figure 3. 
Generally speaking, the settlement shapes 
in ground surface for 2 methods like a saddle 
(Peck, 1969). it indicates that the space effect of 
excavation face is inner about 2D (namely 30m).
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figure 3. The distribution of surface settlement in K60+750

2 ConClusion

(1) according to surrounding conduction and 
engineering character of Wulukou subway 
station, the “interlaid rock wall” method has 
been put forward for the first time by improving 
the traditional method of double side drift.

(2) The results of field monitoring show that 
the improved method has a little deformation 
response of ground and the whole stability of 
tunnel can be assured.

(3) The aim of reducing cost and cutting 
period has been come true, which can be referred 
and introduced in the similar engineering.

KeYWorDs: tunnelling engineering, construction method, stability study, settlement deformation
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The Italian approach for the design and the excavation of 
conventional tunnels: the case of the “Fabriano” tunnel

s. fuoco, P. Cucino, l. schiavinato, a. oss
SWS Engineering Spa – Infrastructural Department, Trento, Italy.

a. Pigorini
Italferr SpA – Tunnel Department, Rome, Italy.

1 inTroDuCTion

The paper shows the results of the analysis of 
the data acquired during the excavation of the 
new “fabriano” Tunnel along the railway line 
from rome to ancona in italy. The comparison 
between the results of the analyses and the 
consolidation system used for the excavation, 
gives an indication about the relationship which 
links the method of excavation commonly used 
today in italy for conventional Tunnels (here 
called iseT-italian system for excavation of 
Tunnels) and the responses of the excavated 
rock mass.

2 THe fabriano Tunnel

The fabriano tunnel is a new double track tunnel 
of length 1682 m along the railway line from 
rome to ancona. The maximum cover is about 
50 m and the section has an inner radius of 5.25 
m. The tunnel crossed a complex geological 
formations alternation of different rock masses 
(from marly limestones to marly clays) and soil 
deposits consisting of clayey and sandy silts. no 
groundwater was intercepted.

3 baCK analYsis

some DfM (Difference finite Method) analyses 
have been performed, mainly, to compare 
numerical results with the registered in situ data. 
These analyses showed a good comparison with 
the monitoring data providing that the design 
geotechnical parameters were appropriate.
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4 ConClusion

The wide experience acquired in italy 
indicates that the approach for the design and 
the excavation of tunnel in italy, is a good 
compromise between design, safety and 
production, in a very geological condition (like 
the fabriano tunnel) and that the consolidation 
system indicated in the design and its possible 
variability during the construction, can define 
the final price of the tunnel.section type a section type b section type C

figure 1.sections type adopted.

KeYWorDs: iseT, naTM, MoniTorinG, baCK analYsis, DfM.
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State-of-the-Art Application of Conventional Tunneling for the 
Northern Boulevard Crossing – East Side Access to Grand 
Central Terminal, New York

V. Gall, r. blessing iV
Gall Zeidler Consultants, Ashburn, USA.

a. J. Thompson
Hatch Mott McDonald, New York, USA.

1 inTroDuCTion

The east side access project in new York 
City, which will provide access for the long 
island rail road into Grand Central Terminal, 
recently completed crossing beneath northern 
boulevard under very shallow cover. Tunneling 
involved the development of a very large cross-
section, with a springline diameter of about 18.5 
meters, in soft, water-saturated glacial deposits 
using conventional methods. The tunnel was 
constructed just 3.6 to 4.8 meters beneath a five-
track wide nYCT subway box structure, as well 
as the busy six-lane northern boulevard and 
an elevated nYCT bMT line, all of which were 
to remain operational and unaffected during 
construction. Other structures, including a five-
story building, were located in close proximity 
to the tunneling works and needed protection 
against ground movements. all structures were 
extensively monitored for ground movements 
and settlements related to the tunneling works.

before tunneling could begin, an existing 
slurry wall needed to be repaired. strict 
limitations on groundwater draw-down due to 
the proximity of contaminant plumes led to the 
utilization of a 1.8 meter-thick frozen arch. Void 
and compensation grouting were used to mitigate 
ground movements; approximately 220 kiloliters 
of grout was pumped below the nYCT subway 
box structure. Temperature pipes regulated the 
outward expansion of the ground freeze and 
vacuum pumps were used for dewatering once 
the arch was closed. The tunnel was excavated 
in seven drifts. four concrete piers supporting 

the elevated bMT line were incorporated into 
the tunnel lining. reinforced shotcrete was used 
for initial support. after the installation of a PVC 
waterproofing membrane, final lining of the 
tunnel arch was installed using pneumatically 
applied concrete (PaC).

figure 1. a three-dimensional representation of east side 
access’s northern boulevard Crossing (schiavone/Kiewit, 
2011).

2 ConClusion

several factors, from complicated geotechnical 
issues and shallow overburden to proximity to 
major transportation arteries, made the design 
and construction of the nbX tunnel extremely 
challenging. several pre-support methods 
combined with conventional tunneling methods 
allowed for the project to be completed with 
minimal ground movements and virtually no 
impact on the overlying structures.

KeYWorDs: seM, tunneling, urban setting, shallow overburden, ground freezing, void grouting.
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Industrialisation of the construction process for the Solbiate 
Olona Tunnel by using “jet-grouting” technology

P. lunardi
Lunardi Geoengineering, Milan, Italy

G. Cassani, M. Gatti, s. Cemin
Rocksoil Spa, Milan, Italy

The solbiate olona Tunnel represents a 
very significant project, solving the problem 
of interference between the “Pedemontana 
lombarda” Motorway alignment and one part 
of the solbiate built area, overlooking the olona 
Valley; the tunnel - with an excavation area of 
230 m², 19 m excavation diameter - passes 
underground through gravelly-sandy soil, 
beneath various residential buildings inhabited 
during the excavation, with overburdens of 
around ten meters. The report describes 
the advance methods employed, developed 
according to the aDeCo-rs approach, 
which made complete industrialisation of the 
construction process possible. 

a detailed examination of the “jet-grouting” 
technology employed in the ground is given. 
This was of great importance both in the 
construction of the tunnel, using sub-horizontal 
ground treatment (“mono-fluid procedure, 600 
mm in diameter, with specific energies of 11-
14 MJ/ml and cement rate of 210-230 kg/ml), 
and for the construction of the portal on the 
Olona Valley side, where a wall to confine the 
slope was realized using sub-vertical ground 
treatment (“bi-fluid” procedure, 1,500 mm in 
diameter, with specific energies of 42-46 MJ/
ml and cement rate of 800-850 kg/ml ). The 
“jet-grouting” technology is capable of creating 
pre-containment structures in the ground before 
proceeding towards excavation, preserving 
the natural equilibrium with the creation of 
“arch effects” which minimize movement in 
the materials and the consequent loosening of 
ground. 

for the tunnel construction, jet-grouting pre-
containing measures were chosen both along 
the perimeter of the cavity (double or single rings 
of treatment according to the presence or lack of 
pre-existing structures on the surface), and for 
the core face. The pre-lining was put down by 
using steel ribs embedded within a layer of 30 
cm thick fibre-reinforced shotcrete, with 5 cm of 
regularization. The casting of the invert was kept 
near the excavation face (varying between 4 m 
and 12 m) in order to minimize the deformation 
response of the pre-lining. Maximum subsidence 
recorded was in the range of 15-25 mm, with 
a “loss of volume” equal to 0.3%, in line with 
mechanical excavations. The advancement 
methods also allowed a full industrialization 
of the construction process, with very regular 
productions equal to 30-34 m/month (1.0-1.2 m/
day): the work cycle (about 7-8 days) organized 
into three phases: 1) treatment, at the face and 
at the outline (45% of the time), 2) advance 
excavation, for single excavation steps of 1.0 m, 
followed by the setting of the pre-lining (40%), 
and 3) the casting of the invert (10%, 5% others 
activities). 

The “jet-grouting” technology was also 
successfully adopted for the construction of the 
tunnel portal in the delicate Valle olona slope, 
minimizing the deformation impacts on the slope 
and solving the logistical problem of using the 
equipment necessary for piles. This solution, 
employing a jet-grouting wall, helped optimize 
costs and time, thus avoiding an expensive 
alternating between excavation phases and the 
placement of contrast tie-rods.

KeYWorDs: aDeCo-rs, jet-grouting, low cover.
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Soil Mass Quality Rating System for Design of Tunnel Support 
Based on Observations in Tehran Eastern Main Sewerage Tunnel

G. Jalilian Khave
LAR Consulting Engineers Co., Tehran, Iran.

1  inTroDuCTion

The need to provide an index of subsurface soil 
behavior which would include allowances for 
intact soil strength, soil texture and its matrix 
properties, discontinuity frequency, ground-
water condition together with stress condition 
at the depths encountered has led this author 
to develop a soil mass classification system 
to isolate in a qualitative manner categories of 
soil which, under a particular set of engineering 
constraints, will behave in a similar way. The 
principal on which this classification system 
is based is that the selected parameters can 
be determined quickly and easily by a field 
geologist or engineer which are important in 
determining soil mass behavior. for a particular 
soil stratum, a numerical assessment is made 
within designated limits of the quality of the soil 
as it relates to a particular parameter. These 
numbers are then summed to give an index 
number which can be related to the behavior 
of soil mass culminating in the prediction of 
excavation procedures and support system 
density for a 3.5m diameter hand excavated 
tunnel. The classification provided very good 
feed-back for the conventional tunnelling 
method, including stand-up time and support 
requirements.

figure 1, displays the graphical distribution 
of the dominant soil mass quality indices in 
identified geotechnical zones along the pilot 
tunnel path. as it is apparent from the graph, the 
soil distributions within the boundaries although 
not well defined, considering the variety of soil 
classes that has harnessed in each zone, reveal 
a logical correlation between the recorded 
soil mass quality indices and their interpreted 

engineering properties. in other words, the data 
statistical analysis confirms the soils in the north 
part of the project are more competent than the 
soils in the south, due to higher degree of their 
consolidation, which is as direct result of higher 
overburden load and their more cementitious 
depositional environment. 

figure 1. The distribution of Tehran alluviums along the eTs 
tunnel and their assessed quality classification based on 
proposed sMr system.

2 ConClusion

The purpose of the SMR classification system 
is to divide the soil mass into groups of similar 
behavior, and provide a basis for understanding 
the characteristics of the soil mass. it facilitates 
the planning and the design structures in soil 
by providing a common basis for effective 
communication among all persons concerned 
in geomechanic problems in soil. These aims 
were fulfilled by ensuring that the adopted 
classification is simple and meaningful and is 
based on measurable parameters which can be 
determined quickly and cheaply in the field.  

KeYWorDs:Tehran alluviums, soil index Parameters, support and excavation Details in shallow 
Tunnels.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

145 

Case Study on Grouting for Subsea Tunnel Construction 
Using Automated Multi Grouting System and Grouting Design 
Software

D. Y. Kim, H. s. lee, s. J. lee, b. K. sim, J. H. Jung
Hyundai Engineering & Construction, Seoul, S.Korea 

design software by design review for boryeong 
subsea tunnels. The results of equipments 
show the superior performance of grouting and 
Design software also show good agreement 
between original design with results of software 
as shown figure 1.

(a) Cross section

(b) longitudinal section

figure 1 Comparison of results in diagram

2 ConClusion

In this paper, we have verified the performace 
of new equipments and accuracy of design 
software and the results show the excellent 
performance. each of these technologies will be 
a great help for subsea tunnels as they reduce 
the construction time and labor.

1 inTroDuCTion

The grouting for water cut-off is considered to 
be an important subject as the application of 
sub-sea tunnels increases. for the grouting, 
the equipment of grouting and design are 
very important in order to deal with high water 
pressure and large amount of water ingress. but, 
most conventional grouting equipments which 
were used in South Korea are not sufficient to 
be applied effectively to subsea tunnels. and 
they are controlled by the analogue system, so 
that workers cannot handle accurate pressure 
and flow rate. These limits of conventional 
equipments can cause problems under high 
pressure in subsea tunnels. 

also the design of grouting is an important 
factor to influence the project’s success, but 
there is few experience of design for grouting in 
South Korea so that it is difficult to conduct and 
manage the design by elementary engineers. 

in order to solve these existing problems 
of grouting, the present paper deals with 
developing new equipments of grouting and a 
grouting design software. new equpments are 
a very efficient system that enables to maintain 
the constant grouting pressure and flow rate 
during grouting, to auto-perform the lugeon 
test and analysis of the result before grouting. 
and a grouting design software which can be 
conveniently used to provide a package of 
design of grouting patterns have been developed 
for subsea tunnel construction.

both iMG and the design software have 
been applied to the boryeong subsea tunnels 
located in the west coast of Korea. in this 
paper, we have conducted field test to verify the 
performance of new equipments before the field 
application. also, we have demonstrated the 

KeYWorDs: grouting, grouting design software, boryeong subsea tunnels
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Design of Tunnel Lining Insulation Based on the Numerical 
Analysis and the Measurement of Temperature in Tunnel

D. Y. Kim, H. s. lee, b. K. sim
Hyundai Engineering & Construction, Seoul, S.Korea

1 inTroDuCTion

in case of tunnels in cold regions, a freeze 
of groundwater around tunnel may hinder 
groundwater from being properly drained, or 
may cause damages to lining. although lots 
of icicles were taken place in many tunnels, 
the design guide of insulation for preventing 
the frost damage of tunnel lining has not been 
established yet in Korea. 

in this paper, a few freezing cases of road 
tunnels were reviewed, and it was concluded 
that the freezing protection is necessary. in 
order to characterize the thermal distribution in 
the tunnel, the following measurements were 
performed in different areas of a road tunnel 
during winter: temperature distribution along the 
tunnel axis, internal temperature of the lining 
and the temperature distribution of the ground 
under pavement. using these measurements, 
the characteristics of the tunnel's internal 
temperature distribution due to temperature 
change in the air were analyzed and it was 
concluded that insulation is required behind 
the lining to prevent frost damage in specific 
conditions. also, a number of 3D numerical 
analyses were performed to propose appropriate 
insulation thicknesses for different conditions, 
which could prevent the frost damage of tunnel 
lining. as a result of the numerical analyses, 
air freezing index has been suggested as a 
threshold value to access groundwater freezing 
damage behind the tunnel lining. (see figure 1).

 

Figure 1. Thermal flow analysis results.

2 ConClusion

From the field measurement and thermal flow 
analyses results, the insulation with a minimum 
thickness of 30 mm, 15 mm and 5 mm is required 
to prevent the frost damage on the tunnel lining 
when the temperature is about -16°C, -13°C, 
and -10°C respectively. and the air freeze index 
of 291°C·Hr is suggested as the threshold value 
for freezing criteria for groundwater behind the 
tunnel lining.

KEYWORDS: frost damage of tunnel lining, thermal insulation material, thermal flow analysis
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A Study on Planning of Network-Based Rock Mass 
Classification and Decision Making System
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1 inTroDuCTion

in general, there are limitations in understanding 
all the ground characteristics prior to tunnel 
construction. especially with naTM tunneling, 
there are many cases where support patterns 
are modified to reflect actual ground conditions 
different from design conditions. Ground 
assessment processes based on face mapping 
are closely related to the stability and economic 
feasibility of tunnels.

Field experts who have the final say in charge 
of the overall management of face mapping, 
geological investigation, measurement and 
other things to facilitate safe tunnel construction 
through prompt onsite reviews in overseas 
countries whereas the number of field engineers 
is insufficient compared to the requirements 
of site conditions and there are limitations in 
implementing speedy responses due to complex 
rock mass classification and decision making 
procedures (see fig. 1).

 

 

Figure 1.Problems of rock mass classification and decision 
making processes in Korea.

such problems have led to questions on 
stability and economic feasibility issues involving 
domestic tunnel construction.

in view of such situations, this study presents 
methods for building systems allowing speedy 
and objective rock mass classification and 
decision making to solve those problems. What 
this paper proposes is a network-based rock 
mass classification and decision making system 
in the form of convergence of construction and 
information technology industries (see fig. 2).
 

 

figure 2. Planning system. 

2 ConClusion

The expected outcomes of such management 
models include supporting economic and safe 
tunnel construction through speedy, rational, 
and objective rock mass classification and 
decision making system. 

Moreover, it can be expected the creation of 
database related to tunnel construction to be used 
in rock mass classification and design in various 
areas requiring exaction in the coming years.
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Modern drill and blast excavation
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1 inTroDuCTion

When conventional excavation is considered, 
the aim is firstly to execute the cycle as fast as 
possible and secondly to maximize the advance 
per blast. nevertheless it should be remembered 
that the excavation is implemented in a way that 
the quality of the excavation is not sacrificed. As 
the volume of underground excavation in urban 
and sensitive areas has lately increased and the 
trend is predicted to be ascending, the effects to 
surrounding environment should be observed. 

Modern drilling and blasting concept is 
aiming for total optimization of the excavation 
cycle. Geology and circumstances are changing 
fast and these changes need to be faced 
rapidly and efficiently. It can be said that many 
of the excavation cycle tasks are affected by 
the result of the drilling task and further on the 
quality of the excavation. if the drilling is not well 
planned and realized the damage in most cases 
has been done prior to blasting. on the other 
hand, when planning is made thoroughly and 
modern technology and practices are used, the 
excavation can be implemented fast, efficiently 
and environmentally friendly.

2 ConClusion

Modern drilling and blasting concept is aiming 
for total optimization of the excavation cycle. 
Geology and circumstances are changing fast 
and these changes need to be faced rapidly 
and efficiently. It can be said that many of the 
excavation cycle tasks are affected by the result 

of the drilling task and further on the quality of 
the excavation.

an accurate tunnel line requires accuracy 
both in drilling and blasting. To be able to 
excavate an accurate tunnel profile the general 
geology of the area and the mechanical 
properties of the rock should be known and the 
excavation should be designed according to 
their challenges. a good result usually requires 
many blasted rounds and improvement of the 
drilling pattern should be continued after every 
round.

The design of a drilling pattern starting from 
the end of the round is a new and revolutionary 
way of designing an economical drilling pattern 
excavation wise. a substantial part of the design 
is to find the needed specific charging values for 
each section of the drilling pattern. once these 
values are found for a certain rock type, the 
optimization of the drilling pattern and appliance 
to other drilling patterns go smoothly.

only seamless interaction of drilled pattern, 
charged explosives and detonator delays can 
provide optimum excavation results in terms of 

round bottom and profile control, drilled 
meters, powder factor, pull out rate, vibration 
control, tunnel advance and costs. Therefore, 
an overall approach is an absolute necessity 
for a tunneling project when the focus is on 
excavation quality and total optimization of the 
excavation process. 

KeYWorDs: Conventional excavation, drilling pattern design, optimization
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1 inTroDuCTion

extension of line H is an interesting challenge: 
C2 northbound extension consists in four new 
caverns and 2km of two lane naTM tunnels, 
while the southbound a0/a1 extension faces 
very poor geotechnical conditions that require 
the use of a TbM. 

northbound, engineering challenges stand 
for the optimization of already very efficient 
construction procedures. big caverns that 
required eighteen months for excavation in 2005 
and eight months in 2007 are now being built 
in only five months. Southbound, engineering 
challenges are more related to feasibility. a two-
lane TBM is just too big to fit in the available 
space, and bottom stability of the access shafts 
is marginal; costs can easily escape from control 
in such adverse conditions. 

in this paper, the project is introduced, 
the geological and geotechnical conditions is 
described, the evolution of the naTM techniques 
in buenos aires´s big metro caverns is reviewed 
and some of the most significant challenges 
encountered are discussed. 

2 ConClusion

The development of big cavern construction 
that occured during the last ten years in buenos 
aires city allowed for a sustained progress and 
a continuous development of excavation and 
support construction methodologies. it has 
been training ground for the design teams, 
constructors and for the supervision authorities 
as well.

The simultaneous excavation of the three 
caverns – Córdoba, santa fe and las Heras 
stations – as described in this paper allowed for 
a consolidation, in a practically definitive way, of 
the full face naTM excavation techniques as the 
most economic, safe and efficient excavation 
methodology for buenos aires big caverns.

The current advance of the excavation works, 
which is close to 70% for section C2, shows 
nowadays the deadline of 2015 as challenging 
but attainable. Modern and safer construction 
procedures, the reduction of concrete thickness, 
the use of shotcrete as secondary linings and 
it´s possible integration to the primary liner in 
a composite structure, the use of robots for 
the application of shotcrete and, finally, the 
implementation of more reliable monitoring 
techniques, are still some awaiting points which 
need to be developed in the close future. 

figure 1. large Cavern for metro station.

KeYWorDs: naTM tunnels, caverns, construction procedures.
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1 inTroDuCTion

Contrast analysis of various surrounding 
rock classification methods, rock saturated 
uniaxial compressive strength Rc, rock quality 
designation RQD, rock mass deformation 
modulus E, rock poisson’s ratio μ, rock mass 
shear strength C, structure surface friction factor 
f, groundwater seepage W, in-situ stress impact 
factor Z, angle between tunnel axis and structural 
surface direction B were selected as evaluation 
factors. Considering the stochastic volatility 
of evaluating factors, sample set was built by 
monte carlo simulation based on the assumption 
of evaluation factors’ independent distribution. 
samples were normalized preprocessing by the 
linear type of uncertainty measurement theory, 
to build sample evaluation matrix. exploiting 
sample information fully by drifting degree 
theory, sample weight was self-organized 
evolved by calculating the inconsistency among 
evaluation factors, avoiding the subjectivity 
of weights determination, making it more 
objective and accurate. sample surrounding 
rock classification was evaluated by credible 
degree recognition criterion. on account of 
mathematical statistics, the classification 
corresponding with the maximum probability 
was selected as evaluation object’s, overcoming 
the inaccuracy of point estimation replacing 
interval estimation. Then a surrounding rock 
classification model of underground cavern 

was established. in this model, the prophetical 
experience was not required, solving process 
was completely driven by sample, having a 
strong operability. Evaluation factor’s influence 
degree was defined, providing data support 
for taking measures to improve surrounding 
rock. The practical engineering showed it was 
feasible and had a certain superiority, providing 
a new way for surrounding rock classification of 
underground cavern.

2  ConClusion

1) Considering the stochastic volatility of 
evaluating factors, a mathematical statistics 
model of surrounding rock classification in 
underground cavern based on drifting theory 
was established, overcoming the inaccuracy of 
point estimation replacing interval estimation, 
making it more reliable.

2) exploiting sample information fully, 
sample weight was calculated dynamically by 
data-driven, different samples had different 
weights, avoiding the subjectivity of sample 
weight determination, making it more objective.

3) solving process was completely driven 
by sample, avoiding the reliance on sample set 
excessively, having a strong operability.

4) influence degree of evaluation factor 
was defined, providing data support for taking 
measures to improve surrounding rock.
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The reinforcement of the core-face: history and state of the art 
of the Italian technology that has revolutionized the world of 
tunnelling. Some reflections

P.lunardi
Lunardi Geoengineering, Milan, Italy

r. bindi, 
Rocksoil Spa, Milan, Italy

G. Cassani
Rocksoil Spa, Milan, Italy

If strengthening of the core-face using fiber 
glass reinforcement is considered just as an 
occasional roof bolting intervention to prevent 
fall in from the face, then it is difficult to put a 
date on the first use of the practice in tunneling. 

if instead strengthening of the advance 
core by means of fiber glass elements is seen 
more generally as a construction technology to 
be used systematically when driving a tunnel, 
then its introduction to tunneling practice can 
be dated with certainty as occurring in 1985, 
almost thirsty years ago. it was in italy during 
the construction of some tunnels of the new high 
speed railway line between florence and rome 
(the Talleto, Caprenne, Tasso, Terranova, le 
Ville, Crepacuore and Poggio rolando tunnels) 
for a total length of about 11,0 km.   

The idea began to make headway in the 
authors’ mind as part of the effort to develop 
the aDeCo–rs approach to tunnel design and 
construction at the beginning of the ‘80s.

To deal with all possible situations it is 
necessary, especially in the worst geomechanical 
conditions, to act as soon as possible to prevent 
deformation to develop around the cavity, this 
experimental evidence brought to the concept 
to work with a reinforcement and strengthening 
of the core – face to counteract deformation at 
its real onset, that is usual from 1 to 2 diameter 
ahead of the face of excavation, deep inside the 
core of advance.

This is at the end the great innovation 
introduced by aDeCo-rs with respect to other 
tunnel design approaches: to control efficiently 
deformation in bad soils (clays, sands, soft and 
weak rock) to act just from inside the cavity may 
be ineffective, a preconfinement action has to 
be applied.

Preconfinement of the cavity can be 
achieved using different techniques depending 
on the type of ground, the in situ stress and the 
presence of water. for instance sub horizontal 
jet grouting, fiber glass elements, injections by 
TaM (Tubes a Manchettes), etc. may be used to 
get an efficient reinforcement of the core-face.

Systematic fiber glass reinforcement of the 
advance core is a typical conservative measure 
introduced by aDeCo–rs in tunneling practice.

This intervention is not to be seen simply as a 
traditional soil nailing dimensioned at equilibrium 
limit, its aim in fact is not just the stabilization of 
the face as in traditional tunnel face bolting, but 
also the reduction of deformation of the ground 
by improving the characteristics of strength and 
elasticity of the ground. in several discussion the 
authors had on aDeCo–rs all around the world 
in the last years this was the less understood 
point of the approach. face grouting is not be 
dimensioned just as a stabilizing element but 
as a tool to reduce ground deformation at the 
necessary intent, that stays as close as possible 
to the elastic limit.

KEYWORDS: ADECO-RS, core-face reinforcement, fiber glass.
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Development of new construction technology for under-railway 
structure with small overburden and high frequency of train 
passage, using Ground Cutting JES (Joint Element Structure) 
Method
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s. Honda, T. saito
East Japan Railway Company, Tokyo Metropolice, Japan.

s. ozeki
Tekken Corporation, Saitama Prefecture, Japan.

K. Yaginuma
JTC Corporation, Tokyo Metropolice, Japan.

KeYWorDs: non-open cut technique, Jes Method, Track irregularity.

1 inTroDuCTion

When constructing such structures with a 
small overburden under tracks, adverse impact 
on train operation should be anticipated, 
because of track irregularities caused by the 
construction. The Ground-Cutting Jes Method 
(referred to as “GC Jes”) has been developed, 
which is a non-open cut technique to reduce 
ground displacement induced by construction 
to the minimum extent. The GC Jes, an 
improved HeP&Jes technique, is provided with 
a box-shaped cutter unit on which an innovative 
cutting system is mounted (see figure 1). The 
wire saw on the upper part of the cutter unit cuts 
obstacles. This system minimizes displacement 
of the track caused by obstacles, enabling safe 
operation of trains.

The construction site of the underpass box 
culvert structure used the GC Jes (see figure 
2). The elements of the upper part of the box 
culvert structure were installed underground 
without serious accident. During propulsion 
of the elements on the upper part of the box 
culvert, the objects broken by the cutter unit 
were stones (100 to 200 mm in diameter), utility 
wooden poles and concrete foundations. The 
cut objects were taken into the cutter unit and 
removed. The initial plan estimated 10 months 
for installing 20 element rows of the upper 
part of the box culvert. With the GC Jes, the 
installation was completed in 5 months, merely 
half of the initial plan.

figure 1. box shaped cutter unit of GC Jes.

 

基準エレメント
A1

調整エレメント
N1

基準エレメント
A2DD BB7 BB6 BB5 BB4 C1 BB3 B1 C2 B2 BB2 BB1 C3 B3 B4 B5 B6 D

: The elements used GC JES  

figure 2. underpass box culvert structure.

2 ConClusion

The method is capable of minimizing track 
displacement caused by obstacles. for 
constructing a structure under the railway tracks 
in Japan, there are many problems to be tackled, 
including many obstacles, track displacement 
and imposed short construction periods. The 
authors hope that the Ground-Cutting Jes 
Method will find wider application in construction 
of underpasses of railway tracks. construction of 
underpasses of railway tracks.
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Effect of Free Surface on Ground Vibration and Burden for 
Blasting Excavation
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Korea Advanced Institute of Science and Technology, Daejeon, Republic of Korea.

K. Y. Kim
Korea Electric Power Research Institute, Daejeon, Republic of Korea.

C. M. Park
Dream ENG., Daejeon, Republic of Korea.

1 inTroDuCTion

rock excavation is necessary for tunnel 
construction. blasting excavation methods 
(e.g., naTM) are broadly used for tunnelling 
and mining. However, the drilling and blasting 
processes generate serious levels of vibration. 
This high level of ground vibration induces 
damage to nearby buildings in urban areas, or 
may harm livestock in suburban areas. 

it is suggested that an abrasive waterjet-aided 
rock excavation method in which the waterjet 
is used to form a free surface. The abrasive 
waterjet system can generate a thin, continuous, 
arc-void-line (i.e., free surface) to a certain depth 
along the tunnel perimeter. Specifically, the 
proposed method combines abrasive waterjet 
cutting technology with conventional blasting. 
High efficiency excavation, as well as vibration 
reduction, is achieved as the blasting process 
occurs after generation of a free surface. The 
concept of efficient fragmentation and vibration 
reduction mechanisms using a free surface is 
shown in figure 1.

Figure 1. Efficient fragmentation and vibration reduction 
mechanisms using the free surface.

in this study, the goal was determination 
of the effective burden when the abrasive 
waterjet-aided rock-blasting method is applied 
to generate free surfaces. in addition, the 
reduction of vibration from rock blasting by this 
method was verified experimentally.

2 resulTs anD analYsis

To verify the effective burden and reduction 
of vibration, an in-situ test was performed in a 
quarry. 

a burden of 1.22 m was optimum for perfect 
fragmentation. The burden at which breakage 
no longer occurred was more than 1.77 m. This 
effective burden (1.22 m) is much greater than 
the burden of the controlled blasting methods. 
This can reduce the number of drilling holes and 
charge weight when the proposed method is 
applied.

The vibration level from the free-surface 
blast was as much as 72% less than that from 
the conventional blasting method. The maximum 
reduction of vibration occurred at the vertical top 
ground of the tunnel crown.

3 ConClusion

This innovative tunnel blasting method with a 
free surface using an abrasive waterjet system 
can be very useful for excavation in the civil and 
mining fields in order to reduce the construction 
cost and time. 

KeYWorDs: free surface, ground vibration, burden, blasting excavation
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Crystalline Waterproofing Systems for Tunnels
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Penetron Brasil, Santo André, Brazil.

1 inTroDuCTion

Comparing to membrane systems, integral 
crystalline waterproofing concrete systems are 
not easily damaged by other activities in the 
site, as they penetrate into the concrete; do 
not require leveling of the substrate; unlike the 
others systems, require moisture to react with 
the cement paste . 

As crystalline waterproofing systems 
are mineral base, they present no VoC, are 
environmental friendly, cold application and low 
complexity, they become an attractive option and 
safe underground waterproofing such as tunnels, 
ventilation shafts, stations, galleries, etc.

They are highly versatile and can be 
applied in all types of concrete: cast in situ, 
precast and shotcrete. Can be applied both in 
new construction and in refurbishment jobs, 
protection and waterproofing. Can be added 
to concrete, sprayed onto fresh concrete on 
horizontal surfaces or applied as paint over the 
harden concrete.

When a crystalline waterproofing product is 
applied by painting or added to the concrete, the 
chemicals react with the moisture in the concrete 
and cement hydration products forming an 
insoluble crystalline structure in the pores and 
capillaries of the concrete reducing water and 
aggressive agents penetration.

When they are applied as paint, even in 
the negative side, crystals are formed inside 
the pores and cracks through the complex 
processes of osmosis and reactions of dry 
particles. once inside the concrete, the chemical 

compounds react with water, calcium hydroxide 
and aluminum as well as with various other metal 
oxides and salts in the concrete growing into the 
pores and capillaries. The crystalline formation 
prevents the penetration of water, but allows 
passage of water vapor avoiding vapor pressure 
within the concrete. if new cracks appear during 
the life of the structure, the crystals will form 
again in the cracks also preventing these new 
paths to the water ingress. (figure 1)

figure 1. crystals along the crack.

2 ConClusion

Tunnels and underground structures can be 
waterproofed using the structural material, 
concrete, as the waterproofing system by 
improving the concrete performance and 
durability with integral crystalline technology and 
design details for construction and movement 
joints.

KeYWorDs: Crystalline, Waterproofing, Concrete.
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Ryfast tunnel project: measurements control and navigation - a 
new innovative system which optimizes tunnel excavation
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1 inTroDuCTion

Modern tunnelling is subject to numerous 
demands: Tunnelling companies must keep 
costs low, finish projects in less time and 
still keep up with the high quality and safety 
standards. subsequently there is less time for 
preparation , a need for a simplified transfer 
of planning data, flexible operational capability 
and the use of high-performance instruments. 
This combined with a new innovative software 
solution, which allows to control tunnel headings 
with a mobile tablet application and a simple 
work flow driven user interface, helps to save 
time, reduces downtimes in the tunnelling 
process and minimises the project costs.

2 THe ProJeCT

The ryfast tunnel project, the world longest sub-
sea road-tunnel, is situated close to norway’s 
fourth largest city stavanger. The excavation 
of the solbakk tunnel, the main tunnel of the 
project with a total tunnel length of 14km, started 
in august 2013. The two tunnels are excavated 
by drill and blast and will reach as much as 
290m below sea level. For the first time a new 
innovative software is in use for an independent 
tunnel heading guidance which allows the tunnel 
crew to operate more autonomously.

3 THe sYsTeM

The new TMs navigator system combines 
complex surveying routines visualised on a 

mobile tablet platform. The tasks arranged in 
the TMs tablet software, based on the project-
specific applications, provide the full automatic 
control of a total station according to the tasks 
selected.

figure 1. Tablet with a self-explanatory user interface

4 ConClusion

The paper explains the workflow of heading 
guidance control with the TMs navigator Tablet 
which allows everybody to control the tunnel 
excavation by a fingertip. Furthermore, the 
optimisation of the tunnel excavation thanks to 
the TMs navigator, will be highlighted based on  
the experience of the ryfast project.

KeYWorDs: Tunnel surveying, scanning, ryfast tunnel, heading guidance, excavation control
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New yielding elements: layout, performance and aspects of 
lining design
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1 inTroDuCTion

General problems encountered during excavation 
of a tunnel in faulted ground with high overburden 
are the large displacements. Conventional 
supports in many cases cannot sustain the large 
strains. over the last decades, various systems 
have been developed with the aim to increase the 
ductility of the linings. in the nineteen nineties so 
called “lining stress Controllers”, steel elements 
with a defined load displacement characteristic 
have been developed at the institute for rock 
Mechanics and Tunnelling at the Graz university 
of Technology. 

With increased experience at various 
alpine tunnels, a redesign of the elements has 
been undertaken with the aim of improved 
characteristics and lower production costs. in 
addition to a steel casing, a deformable filler 
is used, allowing an easy adjustment to the 
requirements (figure 1).

Defining the “ideal” element, one has to 
consider various aspects:

•	 The mobilized load has always to be below 
the time-dependent shotcrete strength, but 
as high as possible. in a theoretical, “perfect” 
case, the load-displacement characteristic 
should follow the shotcrete capacity curve 
with an offset – allowing displacements and 
stress release in the ground while keeping 
the shotcrete “just below” the point of over-
stressing. 

•	 The load-displacement characteristic has 
to incorporate the influence of the shotcrete 
rheological behaviour in combination with 

the respective time and face position de-
pendent displacement characteristic.

figure 1. section through yielding element (left), and element 
after test (right)

figure 2. “ideal” characteristics (a), and achieved thrust 
development with various designs (b, c)

2 ConClusion

The new elements allow simple adjustment 
to the requirements at low production costs. 

KeYWorDs: fault zones, large deformations, yielding support
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1 inTroDuCTion

Tunnelling as an environmentally preferable 
means is increasingly being used world-wide to 
provide the infrastructures such as transportation 
and utilities required for sustainable urban 
communities. During designing of a tunnel 
there are parameters with varying degree of 
uncertainty that must be taken into account. 
These uncertainties are often related to sub-
surface conditions and other site-specific 
prerequisites. The observational method as a 
practical engineering approach in tunnelling 
projects allows the designer to employ formal 
approaches towards design uncertainties by the 
installation of appropriate monitoring system and 
allows design optimization during construction 
such as the naTM approach.

In this research, firstly characteristics, 
limitations, problems and hazards of niayesh 
road tunnel project were presented. Then 
geotechnical, structural and geodetic monitoring 
plan of this project considering its positioning in 
densely populated urban set were introduced. 
observational method was applied to the 
Niayesh tunnel project to conduct modification 
of design to suit encountered ground conditions 
considering monitoring and observations results 
and experiences gained during construction. 
based on observational method application, 
the project costs were decreased more than 
35 us million dollars and excavation rate was 
increased more than 65 percent. excavation 
phase of the project was finished three months 
sooner than time scheduling. 

2 ConClusion

in modern engineering practices, the 
observational Method is a way to optimize 
the design of a structure by continuously 
monitoring its behaviour during construction. 
This method offers significant advantages of 
cost minimization and avoids the over-design. 
also it is a prudent way to identify possible 
stability problems and modify the construction 
and safety requirements in a timely manner. 
There are two main elements fundamental to 
the observational Method. The existence of 
a carefully matched monitoring system for the 
type of the work, which will provide valuable 
performance related data and a mechanism 
to use these data in order to optimize the 
design itself and apply judgment more safely 
on the future stages of the construction. The 
main consequences of applying observational 
method and design modifications in Niayesh 
tunnel project consists:

better control of the ground surface 
settlements, better control of the tunnelling 
adjacent structures and decreasing tunnelling 
effect on the buildings, Decreasing the cost 
of the project more than 35 million us dollars, 
finishing the excavation activities approximately 
3 months ahead of the project schedule.
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1 inTroDuCTion

são Paulo is one of the biggest cities in the 
world, with around 20 Million people living in the 
city and in the suburban area. The city faces 
great mobility problems and, in recent years, the 
government has been investing great amounts 
on the city´s public transport. 

The line 5 extension is the major 
government investment for public transport 
currently in progress in são Paulo/ brazil. it 
will connect the south area of são Paulo to 
its central area. The whole extension has 11 
kilometres of line, including 11 new stations and 
a new parking yard. The first stretch of the Line 
5 extension consists of two single tunnels, each 
of which are almost 5 kilometres long. both of 
these tunnels will be executed by two ePb TbM 
machines (silva et al, 2013). 

To allow the assembly of theses TbMs, an 84 
m long naTM tunnel with 117 m² cross section 
is under constructed from a shaft constructed in 
the middle of an important avenue in the south 
part of the city.

The tunnel is being excavated in layered 
soil that ranges from sandy soil with high 
permeability to clayey soil with low permeability. 
High groundwater pressure in the excavation is 
experienced.

a pre-support in Jet Grouting executed from 
surface was carried out in order to improve 
excavation stability. This solution also allowed 
a faster advance rate once it reduces the time 
spent with soil treatments from inside the 
tunnel. Thus, the tunnel was executed in two 

stages: first, the top heading with 80 m² will be 
excavated throughout the whole extension of 
the tunnel, followed by the invert execution. 

a vast range of groundwater control methods 
have been experienced, such as gravitation 
deep wells and horizontal internal drainage in 
conjugation with internal well points. Water 
control is essential to achieve a successful 
excavation.

The excavation solution will shorten in half 
the execution time of the tunnel, allowing the 
launch of the TbM’s earlier and therefore cutting 
operation time for the client. This paper presents 
unique design aspects and execution details of 
this solution. figure 1 shows the tunnel section.
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figure 1. Tunnel cross section

KeYWorDs: Conventional tunneling; design aspects; soil treatment; dewatering; settlement analysis
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Excavation of Dry Subsea Rock Tunnels in Hong Kong using 
Micro-Fine Cement and Colloidal Silica for Groundwater Control
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1 oVerVieW

Groundwater ingress control was necessary to 
restrict draining of the surrounding ground, and 
prevent settlement damage on ground surface. 
Installation of watertight final lining would 
become efficient too late so Pre Excavation 
Grouting (PeG) had to be implemented.

The 20 km of HaTs2a drill & blast tunnels 
are placed from 70 to 160 m below sea level and 
pass underneath the Victoria Harbour shoreline 
of Hong Kong island. extremely strict limits on 
residual groundwater ingress were imposed, 
requiring PeG to limits between 2.5 and 50 l/
min/100 m of tunnel. 89% of the excavated 15 
km show less water ingress than the local limit 
value. This has been achieved by continuous 
probe drilling, grouting with micro fine cement 
only, supplemented with colloidal silica. The 
implemented overall PeG approach represents 
a unique combination of elements described in 
detail in the full paper and in references.

66% of the tunnel length goes through 
granite and 34% through volcanic tuff. in tuff, 
substantially more drilling and grouting materials 
were needed to reach the targeted tightness of 
the ground.

Grouting quantities can be found in Tables 
1 and 2. 

Table 1. Consumption in granite

resource item Per m tunnel
Drilling for PeG (m) 18.2
injected MfC (kg) 234.4
injected Cs (kg) 88.7

Table 2. Consumption in tuff compared with granite

resource item %
Drilling for PeG (m) +61
injected MfC (kg) +17
injected Cs (kg) +165

for average results weighted by tunnel 
length within the 5 ingress limits see Table 3.

Table 3. residual ingress overview

rock Type

Granite 
avg 

l/min/       
100 m

Tuff 
avg 

l/min/ 
100 m

ingress limit less than 30.2 16.2

actual overall ingress 5.2 7.9

sections within limit 1.7 4.6

sections failed 44.0 22.6

2 ConClusion

The PEG works have successfully satisfied 
the requirements. about 90% of the excavated 
tunnel length show less water ingress than the 
targeted maximum.

PeG in volcanic tuff required more drilling 
and substantially more grouting materials than 
in granite.

Zones of extremely poor ground and high-
pressure water ingress have been excavated 
through without any face collapse or erosion 
problems because PeG has kept the water 
away and improved the open stable time. 

KEYWORDS: groundwater ingress control, micro-fine cement, colloidal silica, granite, volcanic tuff
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1 inTroDuCTion

The rock Mass rating (rMr) system was 
introduced over 40 years ago (bieniawski 
1973), and since then has become a worldwide 
reference, along with the Q system, for design 
applications involving estimation of rock mass 
properties and tunnel support. a massive 
database of cases was recorded in the process.

in recent years, renewed attention was paid 
to the rMr system because of its applications 
to the assessment of rock mass excavability 
(rMe) and, especially, its direct correlation 
with the Specific Energy of Excavation (EEE) 
for TbMs used effectively to detect changes in 
tunneling ground conditions, in real time, thus 
serving as a warning of adverse conditions as 
construction proceeds.

on the 25th anniversary of the last 
modification of the RMR System in 1989, known 
as the rMr89, an update of this index has now 
been performed to incorporate the innovations 
introduced in recent decades and to improve 
its performance and accuracy. for this purpose 
a database of 2,298 cases of rMr89’s was 
compiled from tunnel faces.

based on the experience gained from 
these case studies, a new rMr14 has been 
developed. This update has a new structure 
comprising five basic parameters and new 
adjustment factors to account for the excavation 
method and stress-strain behaviour of the 
excavated rock mass. also a clear correlation 
between rMr89 and rMr14 is provided and 
shows that the essence of the rMr system has 
been maintained for practical use.

Table 1. ratings for determining rMr14.
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1 INTRODUCTION 

The Rock Mass Rating (RMR) System was 
introduced over 40 years ago (Bieniawski 
1973), and since then has become a worldwide 
reference, along with the Q system, for design 
applications involving estimation of rock mass 
properties and tunnel support. A massive 
database of cases was recorded in the process. 

In recent years, renewed attention was paid 
to the RMR System because of its applications 
to the assessment of rock mass excavability 
(RME) and, especially, its direct correlation 
with the Specific Energy of Excavation (EEE) 
for TBMs used effectively to detect changes in 
tunneling ground conditions, in real time, thus 
serving as a warning of adverse conditions as 
construction proceeds. 

On the 25th anniversary of the last 
modification of the RMR System in 1989, 
known as the RMR89, an update of this index 
has now been performed to incorporate the 
innovations introduced in recent decades and to 
improve its performance and accuracy. For this 
purpose a database of 2,298 cases of RMR89’s 
was compiled from tunnel faces. 

Based on the experience gained from these 
case studies, a new RMR14 has been developed. 
This update has a new structure comprising five 
basic parameters and new adjustment factors to 
account for the excavation method and stress-
strain behaviour of the excavated rock mass. 
Also a clear correlation between RMR89 and 
RMR14 is provided and shows that the essence 
of the RMR System has been maintained for 
practical use. 

Table 1. Ratings for determining RMR14. 

1. Strength of Intact Rock 2. Number of discontinuities  

    
 

3. Discontinuities Condition 

Continuity < 1 m 1-3m 3-10m > 10m 
5 4 2 0 

Roughness 
Very  
rough Rough Smooth Slickensided 

5 3 1 0 

Gouge 
infilling 

Hard Soft 
< 5mm > 5mm < 5mm > 5mm 

5 2 2 0 

Weathering Unweathered Moderately 
weathered Highly Decomposed 

5 3 1 0 
4. Presence of water 
Ground state Dry Slightly 

wet Wet Dripping Water 
flow 

Assessment 15 10 7 4 0 
5. Rock Alterability 

Alterability Id2 (%) 
> 85 60-85 30-60 < 30 
10 8 4 0 

2 CONCLUSION 

The RMR update presented here, called 
RMR14, has a new structure, which consists of 
three parameters from the RMR89, plus revised 
discontinuities condition and rock alterability. 
Moreover, three adjustment factors were added. 

Innovating Tunnel Design by an Improved Experience-based  
RMR System. 

B. Celada and I. Tardáguila 
Geocontrol S.A., Madrid, Spain. 

P. Varona 
Geocontrol Ltda., Santiago, Chile. 

A. Rodríguez 
CDIAM., Madrid, Spain. 

Z.T. Bieniawski 
Bieniawski Design Enterprises, Arizona, U.S.A. 

KEYWORDS: Rock Mass Rating, RMR, Tunnel Design, Case Studies, Update System, Geocontrol.

2 ConClusion

The rMr update presented here, called 
rMr14, has a new structure, which consists of 
three parameters from the rMr89, plus revised 
discontinuities condition and rock alterability. 
Moreover, three adjustment factors were added.
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Design and construction of “Lo Valledor” Station Line 6 of 
Santiago Subway (Chile)

a. albornoz and J.H. Cruz
Metro S.A. Santiago, Chile.

J. Catalán
Zañartu, Santiago, Chile.

b. Celada and J. G. del Tánago
Geocontrol, S.A., Madrid, Spain.

J. aparicio
Geocontrol Ltda. Santiago, Chile.

KeYWorDs: subway station, Diseño estructural activo (Dea), self supporting vault, urban shaft.

1 inTroDuCTion

line 6 of santiago subway (Chile) is 15.2 km 
long and has 10 stations. The Project for Detail 
engineering of shafts & Galleries for the line 
6 was awarded to the Consortium Zañartu-
Geocontrol in March 2012. The construction of 
section i, where lo Valledor station is located, 
was awarded to the Consortium MeTro 6 
ltda, constituted by salini and iMPreGilo 
and works began in March 2013. The figure 1 
shows a view of the lo Valledor station.

 

figure 1. Perspective of “lo Valledor” station.

The project was carried out following the 
methodology of “Diseño estructural activo” 
(Dea) and the construction of the tunnel station 
will be built with the method known as self 
supporting Vault. figure 2.

 

figure 2. Construction phases with the self supporting Vault 
method.

as all of the stations of the line 6, lo 
Valledor station was 3D modelled to check the 
constructive method, to dimensioning the linings 
and to foreseen the measured convergences 
and subsidence during the construction.

figure 3 shows the 3D model of lo Valledor 
station.

 

figure 3. Model of lo Valledor station.

in late october 2013 the access shaft was 
built, and a large part of the access Gallery as 
well, as it is shown in Picture 1.

 

Picture 1. Construction of both phases of the top heading of 
the access Gallery in october 2013.
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Optimization of conventional brine freezing in combination 
with liquid nitrogen freezing

M. Ziegler, r. schüller
Geotechnical Engineering, RWTH Aachen University, Germany.

r. Heninger, r. schmand
Linde Gases Divisions, Linde AG, Munich, Germany.

1 inTroDuCTion

Artificially frozen soil can be used as an 
impermeable support structure for a wide 
range of geotechnical applications. basically, 
two different ground freezing methods are 
used, ground freezing with brine on the one 
hand and ground freezing with liquid nitrogen 
on the other hand. 

Whereas the freezing method with brine has 
recently been applied in a number of construction 
projects, the freezing method with liquid nitrogen 
is still considered as an emergency solution. 
and above all a combination of both methods is 
rarely used until now.

The aim of this paper is to emphasize the 
advantages of a combined brine and liquid 
nitrogen freezing method

2 oPTiMiZaTion of CoMbineD brine 
anD liQuiD niTroGen freeZinG

To highlight the advantages of a combined brine 
and liquid nitrogen freezing method numerous 
numerical simulations have been carried out. 
Consequently, all optimization systems have 
been compared in a final simplified economic 
efficiency analysis. 

before investigating the optimization 
systems relating a combination of brine 
and liquid nitrogen freezing the influence of 
groundwater flow has been examined by means 
of numerical simulations. 

The results showed that the freezing time 
increases exponentially with an increasing 

groundwater flow velocity. 
based on this correlation optimization 

systems with additional pre-cooling freeze pipes 
with brine or liquid nitrogen in the upstream 
have been investigated. The results show a 
significant reduction of freezing time for pre-
cooling systems with liquid nitrogen for higher 
groundwater flow velocities (see Figure 1) even 
when pre-cooling with brine did not work any 
longer.

 

liquid nitrogen pre-cooling

total freezing time: 68 days

brine pre-cooling

total freezing time: 106 days

basic system

total freezing time: 231 days

figure 1.frost body development for optimization systems 
after 30 days for v = 3.0 m/d.

3 ConClusion

The results of the numerical simulations and the 
simplified economic efficiency analysis show 
that not only the freezing time but also the total 
costs for the ground freezing application can be 
reduced significantly by adding only a few liquid 
nitrogen pipes in the upstream to create a pre-

KEYWORDS: freezing method, brine, liquid nitrogen, optimization, groundwater flow, pre-cooling.
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Adaptation of the TBM-Shield EPB for Tunnels with High 
Overburden and High Water Pressure for the Metro Los  
Teques Line 2

D. f. abdanur
Odebrecht, Los Teques, Venezuela.

u. Maidl
Maidl Tunnelconsultants GMBH & Co., Bochum, Germany.

1 inTroDuCTion

for the excavation of lot 3 of the Metro los 
Teques line 2 in Venezuela, a great challenge 
must be overcome due to a change of the 
alignment with respect to the original design. 
The new ground conditions are not appropriate 
for the typical application of ePb shields, which 
is the methodology used so far in lots 1 and 2.

line 2 has an extension of 13 km and 7 
stations. The tunnels are excavated with 2 
TbMs (one for each twin tunnel), divided into 4 
lots. There are 6 stations excavated in naTM 
and 1 station in cut-and-cover method.

2 GeoloGiCal siTuaTion

lot 3 is excavated in areas with high overburden 
and high water pressures up to 4.7 bar acting on 
the tunnel lining. The subsoil consists basically 
of highly fractured rock partly weathered and 
partly with high strengths.

Important modifications of the TBM-shields 
were required in order to adapt the ePb 
technology to these extreme conditions.

3 TbM aDaPTaTions

The adaptations to the TbM-shields for the 
excavation of the 3 km of lot 3 focused on the 
following items: operation modes, confinement 
pressure control, requirements for grouting and 
soil conditioning, cutter wear, lowering of the 
ground water level, upgrade of the TbMs for a 
nominal ePb pressure of 5 bar, and installation 
of water drainage systems.

Table 1 shows different scenarios of 
geological conditions, tunnel face stability 
and the counter-measures to be adopted (see 
figure 1).

Table 1. Ground water drainage at non-stable face. 

 

figure 1. schematic countermeasures for drainage and water 
reduction.

4 ConClusion 

Due to the new ground conditions, it is clear 
that the advance rate will decrease significantly. 
nevertheless, not always a new method or 
equipment needs to be acquired. The case of 
the TbM adaptation in Metro los Teques line 
2 demonstrates that an effort done together by 
contractor, specialists and TbM manufacturer 
can conduct to innovative solutions for the ePb 
technology and its use under high water levels. 

KeYWorDs: Metro los Teques, TbM-shield, High water pressures.
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Requirement of the advanced technology of the TBM to overcome 
the major hard points in Metro Line No.4 Phase 1, Egypt

a. abu-Krisha
National Authority for Tunnels, Egypt

T. otsuka 
Nippon Civic Consulting Engineers Co., LTD, Tokyo, Japan

K. fujii 
Nippon Civic Consulting Engineers Co., LTD, Tokyo, Japan

T. elsamni 
Nippon Civic Consulting Engineers Co., LTD, Tokyo, Japan

KeYWorDs: sfrC lining, semi-simultaneous TbM, breakthrough piles.

1 inTroDuCTion

The Metro line 4 of phase 1 passes through 
about 17.0 km underground, it had to choose in 
the design between a few alternative solutions 
due to the tight implementation time schedule, 
the route. The selected solution was to reduce 
the level of the alignment by excavating and 
breaking through the two groups of working piles 
under the main street, which is the official road 
to the Pyramids without affecting the traffic flow. 
This paper also deals with the method of cutting 
the piles without affecting the maneuvering 
of the TbM; as well as, ensuring a smooth 
transition of loads from the piles to the segment 
lining of the tunnel. This paper also shows the 
details of the best angle of the face of the TbM, 
the arrangement of the cutting tools, and the 
diameter of the screw conveyor. in addition, this 
paper presents the highly developed technique 
of using two types of the grouting materials 
to minimize the settlement of the surface of 
the ground. furthermore, the project must 
be completed as soon as possible, thus an 
advanced technology of (semi-simultaneous 
TbM) where high-speed excavation and erecting 
the segments at the same time is applied. on 
the other hand, the effect of earthquakes was 
taken into consideration in the design. The 
tunnel also passes under the nile river so high 
technology is used to maintain the efficiency of 

the TbM during the excavation for the section 
passing under the nile river. finally, sfrC is 
applied instead of normal reinforcement in a 
section of the Tunnel.

2 ConClusion

it is expected that the shield tunneling technology 
will be utilized as an effective means for the 
urban areas that are becoming more congested 
everyday.

The obstacle shattering technology and 
the semi-simultaneous technology of the TbM 
mentioned in this paper are both superior 
techniques that have been indevedually proven 
to be heighly efficient in many tunneling projects 
in Japan and other contries. However, in Metro 
line 4 Phase 1, due to the tight time schedule of 
the implementation, the route and the type of soil, 
this is the first time to combine these techniques 
in the TbM as well as using the sfrC lining 
technique. it is expected that these techniques 
will be required not only in Cairo Metro line 4 
phase 1 project, but also in the arab countries 
which are developing rapidly in the later years. 
This paper is written at the Detailed Design 
stage of Cairo Metro line 4 Phase 1 project. 
The authors would like to report about results of 
the actual construction after the implementation 
in future.
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Measurement of cutter forces acting on disc cutters with 
different ring shapes during linear cutting tests

G. J. bae, s. W. Choi, s. H. Chang, Y. T. Park and G. P. lee
Korea Institute of Construction Technology, Gyeonggi-do, Republic of Korea.

1 inTroDuCTion

Predicting the cutter forces that act on disc 
cutters is essential for the performance 
evaluation and design improvement of tunnel 
boring machines. Here, we experimentally 
evaluate the changes in cutter forces and stress 
associated with variations in the ring shape of a 
disc cutter. These experiments were undertaken 
on high-strength rock specimens using different 
disc cutters and a total of three different ring 
shapes.

The experiment results show that cutter 
normal and rolling forces increase in proportion 
to changes in contact area, and the peak cutter 
force is two or three times larger than the mean 
cutter force. Cutter normal stresses behave in 
a similar fashion to the cutter forces, although 
cutter rolling stresses decrease slightly with 
increasing contact area.

 

figure 1. Variations in mean cutter normal forces and stresses 
for different normal contact areas

 

figure 2. Variations in mean cutter rolling forces and stresses 
for different front contact area

These data indicate that the rolling stress 
that acts on a V-shaped disc cutter is much 
higher than that which acts on a CCs-shaped 
disc cutter primarily as the penetration depth 
of the disc cutters increases even without any 
change in cutting conditions.

2 ConClusion

The experiment results indicate that even 
though V-shaped disc cutters can improve 
the efficiency of cutting in soft and moderate-
strength rock, it is unlikely that this improvement 
would occur when cutting in hard rock, primarily 
as a result of the increased cutter rolling stress 
encountered when using a V-shaped disc cutter. 
in addition, the high wear rate of disc cutters 
under hard-rock conditions means that CCs-
shaped disc cutters are more appropriate in 
these environments than V-shaped disc cutters.

KeYWorDs: Tunnel boring machine, linear cutting test, ring shape, cutter force, cutter stress.
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Guidelines and Methods on Segmental Tunnel Lining Analysis 
and Design – Review and Best Practice Recommendation

M. bakhshi and V. nasri
AECOM, New York, USA.

1 inTroDuCTion

segmental tunnel linings are designed as initial 
ground support and final lining in TBM-bored 
tunnels. Procedures to design concrete lining 
for embedment loads, cross sectional changes 
in joints, and checks against construction loads 
such as segment demolding, stacking, handling, 
TbM jack thrust forces and grouting pressure 
have been presented elsewhere (bakhshi and 
nasri, 2013a; 2013b; 2013c).

several recommendations, guidelines 
and standards are available for analyses and 
design of precast concrete segmental linings. 
in this paper, special attention is taken to 
recommendations and guidelines for analyses 
of segments for determining embedment loads 
in one hand, and tensile stresses in joints due 
to jack thrust forces and cross section change 
in the other. standard design methods for 
precast concrete segments is presented. best 
method of practice for analysis and design of 
these elements is recommended. finally, latest 
developments and technologies in segmental 
tunnel lining systems are presented.

2 ConClusion

Precast concrete segmental tunnel lining 
recommendations and guidelines are discussed 
for analysis of the embedment loads, and 
tensile stresses in joints due to jack thrust 
forces and cross section changes. The existing 
recommendations, guidelines and standards from 
various countries in europe, asia and america 

including austria (ÖVbb), france (afTes), 
Germany (Daub), Japan (JsCe), netherland, 
united states (fHWa) and international 
Tunneling association (iTa) are evaluated. 
standard code requirements are presented 
and their merits are discussed for the case of 
design of segments. best method of practice 
for analysis and design are recommended and 
latest developments in segmental tunnel lining 
systems are presentedincluding fiber reinforced 
concrete (frC) segments, anchored gaskets 
and bicones as shear recovery systems for 
tunnel openings.

figure 1. simulation of radial bursting and spalling tensile 
stresses developed in segments due to TbM jack thrust forces 
and gasket pressure.

KEYWORDS: segment, concrete, analysis, design, thrust force, joint, fiber, bicone, anchored gasket.
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Analysis of the Tunnel Boring Machines (TBM) Performance 
Parameters Using Boreability Index in Turkey

C. balci, n. bilgin, H. Copur, r. Comakli, C. Polat, f.s. sarbangholi
Istanbul Technical University, Istanbul,Turkey.

1 inTroDuCTion

The TbM technology - well known tunnel 
excavation technique - have reached a very high 
level of development and nowadays 10-50 m/day 
of advance rates are usual with different types of 
ground changing from soil to hard rock conditions. 
Prediction of the excavation performance of 
TbMs for any geological formation is one of the 
main concerns in determining the economics 
of a mechanized mining and/or tunneling op-
eration. owners, contractors, consultants, design 
engineers, geotechnical engineers, machine 
manufacturers and scientists want to estimate 
approximate performances of mechanical 
excavators which play an important role in time 
scheduling of a produc-tion program before 
starting a tunneling job.

Boreability can be defined as advance of 
TbM in a situated rock mass. a well-known fact 
is decreasing boreability will cause increase in 
penetration. Gong et al. (2007) defined specific 
rock mass boreability index thrust per cutter 
in 1 mm/rev. They showed this with in situ 
TbM penetration tests located in singapore in 
hard rock conditions. Gong and Zhao (2009) 
develop a rock mass characteristic model for 
the penetration of TbMs. in this model four rock 
mass property are used, which are strength, 
brittleness, joint spacing and orientation.  

in this paper three mechanized tunnels 
data located in istanbul used for the boreability 
index analysis. one tunnel located in asian part 
which is Kadıkoy-Kartal metro line. Two of them 
are located at european part named ayazaga-

Cayırbası and Melen tunnel. All three tunnels 
analyzed in this study, give good correlation 
with the SRMBI as defined by Gong et al. as 
seen in fig. 1.
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figure 1. The relationship between srMbi and penetration

2 ConClusion

it is shown in this paper that the boreability index 
at penetration 1 mm/rev., de-fined by Gong 
et al. (2007) as specific rock mass boreability 
index (srMbi) is a good indicator of the rock 
mass properties and may be used confidently to 
evaluate the rock mass boreability. 

As a summary, it may be concluded that field 
performance parameters of TbM may be used 
as a guide in determining performance prediction 
of a TBM for a specific job in competent rock.

KEYWORDS: Tunnel Boring Machine (TBM), Boreability, Spesific Energy.
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Mechanized Tunnelling – Technology and Developments for 
two large diameter projects in Latin America focusing on EPB 
and Double Shield application

M. Herrenknecht
Herrenknecht AG, Schwanau, Germany.

K. bäppler
Herrenknecht AG, Schwanau, Germany.

and subsurface conditions of the large diameter 
ePbs and Hard rock TbMs for two major 
projects in latin america.

2 ConClusion

With the examples of two major projects in latin 
america contributing to upgrade infrastructure 
and energy production, it is shown that due 
to the project and subsurface specifics more 
and more flexible TBM concepts are required 
accompanied with tailor-made design of 
tunnelling equipment. appropriate technical 
solutions and lessons learned from past projects 
are today available to deal with the conditions. 
both projects show that it is important to adapt 
TbM operation parameters such as penetration 
rates especially when tunnelling in blocky rock 
conditions or in the case of ePb tunnelling for 
Metro line 1 in Panama to focus on accurate 
ground conditioning as well as regular 
maintenance intervals. but the overall success 
of each project in demanding geological 
conditions is also dependent on coordinated 
logistics and reliable cooperation of contractors 
and machine manufacturers.

1 inTroDuCTion

sustained economic growth in almost all latin 
american countries in recent years have created 
a never before existing favorable constellation of 
interests for the development of south american 
transportation and energy infrastructure.

in Panama City a light rail line will be 
constructed, that will be the first of its kind in 
Central america and that will help to alleviate 
traffic congestion in the capital city. Two large 
earth Pressure balance shields (ePbs) were 
applied for the construction of a 6.4 kilometer 
long underground section of the Metro line 1 
in Panama City through demanding subsurface 
conditions. in the northwest of south america 
two Double shielded hard rock tunnel boring 
machines (TbMs) are involved in Coca Codo 
sinclair in ecuador, for a 25 kilometer long 
headrace tunnel. The project in ecuador that 
will provide electricity to Quito, Guayaquil and 
Cuenca, is the largest oversea hydropower 
project undertaken by Chinese Company. The 
headrace tunnel crosses volcano-sedimentary 
sequences with local intrusions of plutonic 
bodies. The paper will highlight the machine 
technical features based on the specific project 

KeYWorDs: highly variable rock qualities, bi-component grouts, seismic prediction for hard rock.
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Geothermal heat from the Turin metro south extension tunnels

M. barla and a. Perino
Dept. of Structural, Geotechnical and Building Engineering, Politecnico di Torino, Torino, Italy.

1 inTroDuCTion

The demand of energy in the world is growing 
continuously and is currently satisfied mainly 
by oil, natural gas and coal. at the same time 
high levels of air pollution and lack of green 
spaces affect the major cities of the world 
leading to an increasing use of the underground 
for transportation and utilities. in this context 
Geothermal energy may play an important role.

underground civil infrastructures can be 
used as heat exchanger. The thermal activation 
can be obtained by installing absorber pipes 
in the geo structures in which the working fluid 
extracts or injects the heat from or into the 
ground. Most current practical applications are 
related to energy piles and retaining wall but 
some examples of energy tunnels were recently 
proposed. With respect to building foundations, 
tunnels involve a larger volume of ground and 
surface for heat exchange. When mechanized 
tunneling is used, tunnel lining segments are 
precast in factory and then placed on site by 
the TbM. They can be therefore prepared and 
optimized for heat exchange.

This paper focuses on a possible application 
of energy tunnels to the Turin Metro line 1 
south extension, currently under construction, 
to exploit heat for the regione Piemonte new 
headquarters skyscraper, which is also under 
construction in the near vicinity of the tunnel.

fe numerical analyses were performed 
to study the hydro-thermal interaction and 
the influence of the energy tunnel on the 
surroundings for a number of working hypothesis 
of the geothermal system.

The analyses allow pointing out the important 
influence of the groundwater flow on the 
evolution of the temperature in the surrounding 
ground. negligible temperature variation versus 
time (< 0.2°C) is computed if the groundwater 
flow is activated. As an example, Figure 1 shows 
the thermal plume moving towards the Po river 
when the geothermal system is used both for 
winter heating and summer cooling demand.

figure 1. Thermal plume at the end of the third year.

2 ConClusions

The preliminary results of the numerical 
analyses performed highlight that the activation 
of the tunnel lining of the Turin Metro line 1 
south extension allows to exploit the energy 
stored in the ground with great economic and 
environmental benefit and without generating 
relevant effects on the aquifer.



Tunnels for a better life.                                                                                                                           ISBN 978-85-67950-00-6

172 

The performance prediction of a TBM in a complex geology in 
Istanbul and the comparison with actual values

M. Namli, O. Cakmak, I.H. Pakiş, L. Tuysuz
Istanbul Metropolitan Municipality, Rail System, Istanbul, Turkey

D. Talu, M. Dumlu, S. Şavk
Dogus Construction Company, Istanbul Metro, Turkey

N. Bilgin, H. Copur, C. Balcı
Istanbul Technical University,Istanbul, Turkey

1 inTroDuCTion

uskudar-umraniye-Cekmekoy metro line of 20 
km having two tubes is recently commissioned 
to Doğuş Construction Company by Istanbul 
Metropolitan Municipality authorities. The 
geology is complex consisting of sandstone, 
arcosic sandstone mudstone, siltstone, shale, 
limestone, andesite, and quartzitic conglomerate. 
The geologic units are frequently cut by diabase 
dykes having significantly fractured contact 
zones. The area is highly populated, and the 
overburden changes between 10-80 m. Two 
TbMs having diameters of 6.57 m already used 
in Kadikoy-Kartal metro tunnels are refurbished 
for the tunnel excavations. uskudar station 
will be excavated under sea level. The paper 
describes briefly the methodology based on the 
accumulated data from previous experiences 
for performance prediction of TbMs.

2 MeTHoD useD in PreDiCTinG TbM 
PerforManCe

The method is first based on predicting field 
specific energy from UCS values as given 
below.
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8.1051.0 UCSSEopt                      (1)

Where, SEopt is specific energy in kWh/m3 and 
UCS is uniaxial compressive strength in MPa. if 
the rock is coarse grained with grains greater 
than 2mm (like arcose, sandstone, conglomerate 
etc.),  SEopt should increased by around 35%. 

Correction according to rQD should also be 
done. if ePb TBM is used, estimated specific 
energy should be multiplied by 1.8.

The cutting may be calculated using the 
following relationships:

   (2)

Where, Pcutting is cutting power in kW 
(subscript ePb denotes for ePb TbMs, and D is 
cutterhead diameter in meter.

The following equation may be used to 
estimate net production rate 
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Where, NPR is net production rate in m3/h, k 
is energy transfer ratio, which is around 0.8 for 
TbMs, Pcutting is cutting power in kW and SEopt is 
optimum specific energy in kWh/m3.

Machine utilization time may be estimated 
using a table given in the text.

3 ConClusion

in complex geology especially where ePb 
tunnel boring machines are used a methodology 
based on past experience is necessary in 
estimating tunneling performance. This paper 
gives a summary of such methodology and the 
comparison of predicted and actual results in 
Üsküdar-Ümraniye-Cekmekoy Metro tunnels. 
it is proved that the predicted values are very 
close to actual values for tunnel driven between 
umraniye and Carsi station tunnels.

D.P Bcutting-EP ⋅= 8118

KeYWorDs: ePb-TbM performance prediction, complex geology, istanbul Metro.
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15 m EPB project for highway tunnel in Sicily. 
Direct on Site Integration helps meet the challenges

T. Camus
NFM Technologies, Lyon, France.

1  THe ss640 ProJeCT

anas, the italian national Company for roads 
and Motorways, has initiated major road 
works in Sicily in order to expand the traffic 
capacity between the main regions and cities 
of the island. The programmed motorway works 
consist in upgrading the ss640 between Porto 
empedocle-agrigento and the a19 highway, 
widening it from a 2-lane road to a 4-lane 
highway along 60 km.

ss640 runs through the suburbs of 
Caltanissetta, which is a strategic connection 
point between the east-West corridor and the 
south West part of the island.

2 THe CalTanisseTTa Tunnel

a 3.9 km twin-tube tunnel will be constructed 
in the vicinity of Caltanissetta so that the new 
ss640 will be seamlessly connected to the a19 
north of the city.

The Caltanissetta tunnel will be the longest 
tunnel of the sicilian road network. each tube will 
have an internal diameter of 13.45 m requiring 
an excavation diameter of 15.08 m. 

The empedocle 2 consortium led by CMC 
di ravenna and including Tecnis and CCC 
executes the works. nfM Technologies will 
design and manufacture the TbM that will bore 
both tubes – it will be the largest ever built in 
france and the 4th in size worldwide.

The tunnel will be excavated in soft ground 
– mostly marl and clay – also including a section 
of fractured and saturated limestone.

3 DireCT on siTe inTeGraTion 

The TBM is a specifically designed EPB that 
will be delivered using the nfM “Direct on site 
integration” process, which allows achieving a 
short lead time of 12 months ready-to-bore after 
contract award. The process can be summarised 
as follows:

•	 all sub systems are assembled in the fac-
tory;

•	 each subsystem is fully tested prior to ship-
ment;

•	 the TbM is integrated on site.

in Caltanissetta, nfM will build on the 
successful implementation of the Dosi process 
on the Moscow metro project with engeocom 
(second Circle line).

once again, logistics are the main challenge 
of such megaprojects, with special attention to 
the transport issues in sicily. This was handled 
as a collaborative effort between the CMC 
consortium, anas, and nfM.

4 ConClusion

at the time of writing this paper it is planned 
that the TbM will be ready to bore in Mid-March 
2014. Progress will be assessed during the 
presentation at the WTC in May 2014.

KeYWorDs: on site integration, ePb, megaproject.
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Application of a new guidance system for double shield TBMs 
at the Koralm tunnel project in Austria

K. Chmelina, s. benkö, a. Maierhofer, J. Golser and K. rabensteiner
Geodata Survey & Monitoring Group, Leoben, Austria.

r. Goliasch
Strabag S.E., Vienna, Austria.

1 THe KoralM Tunnel ProJeCT 

The Koralm Tunnel is a railway tunnel that is 
under construction in austria under the Koralpe 
mountain range expected to be operational by 
2022. The tunnel will be 32.9 km long, which will 
make it austria’s longest railway tunnel. running 
at depths of up to 1,250 m below ground, the 
tunnel will be a part of the 130 km-long Koralm 
railway which will link Graz with Klagenfurt. 
The Koralm tunnel is composed of two tunnels 
running in parallel, each capable of carrying a 
single railway track, which will be linked together 
every 500 metres by cross passages. relevant 
sections of the tunnel are excavated by two 
Wirth double shield TbMs that are steered by 
the new guidance system Tauros-TbM of 
Geodata.

2 THe neW GuiDanCe sYsTeM

The new double shield TbM guidance system 
Tauros-TbM of Geodata constitutes a 
complex multi sensor system consisting of:
1) a modern radio-linked robotic total station,
2) two software-controlled motortargets,
3) a two-axis inclinometer,
4) a new developed digital shield camera 

system composed of a Gige Vision® 
industrial camera mounted on the gripper 
shield that periodically images a special 
designed retro-reflecting target unit mounted 
on the front shield,

5) a new developed tail skin clearance 
measurement system using seven ultra-
small ultrasonic sensors and

6) a touchscreen control computer in the 
control cabin hosting the system software.
The shield camera system (see figure 1) is 

a brand new technology invented to determine 
the position difference between the back shield 
and the front shield of a double shield TbM with 
high precision and reliability.

figure 1. new shield camera system.

The new developed tail skin clearance 
measurement system is capable of measuring 
the radial distance between the tail skin and 
the outer segment surface at seven positions. 
The data is used to process an optimal ring 
sequencing optimizing segment delivery 
planning and TbM advance.

The new guidance system successfully 
steers the two double shield TbMs of the 
austrian Koralm tunnel project since January 
2013. The integrated new measurement 
technologies contribute significantly to the high 
efficiency and accuracy of TBM tunnelling.

KeYWorDs: TbM tunnelling, double shield TbM, guidance system, navigation system.
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Field analysis of disc cutter consumption in Uskudar-
Umraniye-Cekmekoy-Sancaktepe Metro Tunnel in Istanbul

M. namli
Istanbul Metropolitan Municipality, Rail System Department, Istanbul, Turkey

S. Şavk
Dogus Construction Company, Uskudar-Umraniye-Cekmekoy Metro Tunnel, Istanbul, Turkey

e. bostanci, H. Copur, C. balci and n. bilgin
Istanbul Technical University, Mining Engineering Department, Maslak-Istanbul, Turkey

1 inTroDuCTion

field observations on cutter wear and breakages 
in between 2 stations (Carsi and umraniye) of 
uskudar – umraniye – Cekmekoy - sancaktepe 
Metro Tunnel in istanbul are mentioned in 
relation to TbM operational conditions (such 
as iPr, thrust, torque, etc.) and geological 
conditions (such as rQD, strength, abrasivity). 
The metro line of 20 km having two tubes is 
recently commissioned to Dogus Construction 
Co by istanbul Metropolitan Municipality. The 
geology in the study area includes mudstone-
claystone and andesite dyke having 50 m of 
length. Two ePb TbMs with diameters of 6.57 
m are used for the tunnel excavations.

Cutter consumption rates based on cutter 
positions are summarized in Table 1.

2 ConClusions

using higher quality disc cutters, disc life 
increased 2 to 3 times. using double discs 
increases cutting tool consumption rates if the 
two of them have to be replaced simultaneously. 
ripper tool and bucket consumptions in addition 
to disc cutters should also be considered in 
planning stage. andesite dyke with high Cerchar 
abrasivity index rapidly increases the cutter 
wear rate. abrasive wear is dominant followed 
by ring chipping.

Table 1. Cutter consumption rates based on cutter position.

line 1:  excavation length: 846 m (564 segment rings), excavation Volume: 28681 m3 (bank/in-situ)

Consumption Quantity m3/Cutter ring m/Cutter ring Cutter ring/10000 m3 Cutter ring/100 m

Center: 12 double discs (30 cutter rings) 1195 35.3 8.37 2.84

face + Gauge: 34 rings (single disc) 844 24.9 11.85 4.02

ripper Tools: 133 216 6.4 46.37 15.72

buckets: 31 925 27.3 10.81 3.66

line 2:  excavation length: 859.5 m (573 segment rings), excavation Volume: 29138 m3 (bank/in-situ)

Consumption Quantity m3/Cutter ring m/Cutter ring Cutter ring/10000 m3 Cutter ring/100 m

Center: 15 double discs (30 cutter rings) 971 28.7 10.30 3.49

face: 23 cutter rings (single disc) 1267 37.4 7.89 2.68

Gauge: 24 cutter rings (single disc) 1214 35.8 8.24 2.79

ripper Tools: 126 231 6.8 43.24 14.66

buckets: 40 728 21.5 13.73 4.65

oVerall (lines 1 anD 2) for DisC CuTTers: 428 m3/cutter ring, 7.9 cutter rings/100 m tunnel.

KeYWorDs: Performance prediction, Disc cutter consumption, ePb TbM.
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Two-component Backfill Grout System in Double Shield Hard 
Rock TBM. The “Legacy Way! Tunnel in Brisbane, Australia

e. Dal negro, r. schulkins, a. boscaro
Underground Technology Team International, Milan, Italy

P. Pediconi
J. V. Transcity, Brishane, Australia

1 inTroDuCTion

The main purpose of the twin tunnels of the 
legacy Way project is to connect the western 
freeway at Twoowong with the inner City bypass 
(iCb) at Kelvin Grove, providing an alternative 
route to local roads for traffic. The project was 
awarded to the Consortium Transcity, including 
the companies acciona, bMD Constructions 
and Ghella, which used a hard rock double 
shield TbM to excavate the 4.6 km twin tunnels.
one of the main characteristics of the TbM was 

the use of the two-component grout to inject the 
annular void behind the tunnel lining, although 
rock TbMs generally use other systems of 
backfill grouting.
The implementation of the two-component 
system made up of a cement grout (component 
a) and an accelerator (component b) mixed at 
the injection point will be described in detail in 
the paper. record performance of production for 
“annabel” and “Joyce” TbM’s (49.7 meters and 
44 meters per day respectively) were reached.
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Analysis of TBM Performance in Two Long Mechanized 
Tunnels, Case History of Karaj Water Conveyance Tunnel 
Project Lots 1 and 2 (Iran)

o. frough
Pars Geometry Consultant, Tehran, Iran

J. rostami
The Pennsylvania State University, University Park, USA

1 inTroDuCTion

The performance analysis of the machine and 
development of accurate estimation model is 
one of the main targets for many researchers. 

The main causes of low utilization vary 
significantly from site to site, but generally 
it revolves around site management and 
optimization of the sequence of events and 
inability to perform certain tasks in parallel.  
The most common TbM downtimes include 
the times for support installation, re-gripping, 
grouting, maintenance, machine break down, 
cutter change, mucking delays, stoppage 
caused by geological adverse conditions and 
other components such as shift changes and 
breaks (rostami and ozdemir, 1993, bruland 
1998, farrokh et al. 2012).

in order to evaluate TbM performance and 
impact of variable parameters on machine 
utilization, various activities and downtime 
components, Karaj-Tehran water conveyance 
tunnel were studied in detail. This tunnel was 
4.6 m in diameter constructed in north West of 
Tehran and the geology is composed of variety 
of pyroclastic rocks, often interbedded with 
sedimentary rocks.

Descriptive statistical results of available 
data show that ar correlates better with u 
and less sensitive to roP. additional analysis 
shows that activities such as Maintenance and 
TbM and breakdowns (Mantb), shift changes 
and other downtimes (sCH), and segment 
installation (SI are more influential downtime 
components but surveying and re-gripping show 
no meaning linear relation with utilization factor. 

2 ConClusion

TbM advance rate is a function of rate of 
penetration and utilization factor. roP is limited 
by machine specifications and rock mass 
parameter and range of variations in roP is more 
restricted. u is controlled by more parameters 
such as geology and rock mass characteristics, 
maintenance, utility installation, transportation, 
surveying and unexpected breakdowns. Many 
of tunnel activities can be carried out in parallel. 
finding the way to increase boring time means 
increasing utilization factor since it can influence 
the ar more than roP.

The influences of different downtimes on 
TbM utilization factor were examined using 
regression analysis. for evaluation of relation 
and each activities influence on U, Pearson 
correlation coefficient has been applied and it 
is found that Mandb, sHCH and si are more 
influential components of downtime when it 
comes to controlling utilization in the case of the 
Karaj Water tunnel used in this study. su and 
rG showed no meaningful relation with u, thus 
less important in improving machine utilization.

KeYWorDs: Karaj tunnel, Mechanized tunneling, performance and utilization factor.
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Development of Resource-efficient and Advanced underground 
technologies - DRAGON

H. erben
Chair of Subsurface Engineering, Montanuniversität Leoben, Austria

C. Thalmann
B+G AG Concrete Technology and Spoil Management AG, Switzerland

r. Galler
Chair of Subsurface Engineering, Montanuniversität Leoben, Austria

M. Petitat
B+G AG Concrete Technology and Spoil Management AG, Switzerland

KEYWORDS: resource efficiency, tunnel boring machine, TBM, excavation material, raw material.

1 inTroDuCTion

Goal of the DraGon project is to achieve a 
higher grade of resource efficiency in tunneling 
and other underground construction processes 
by turning the excavation material into a 
valuable resource for other processes and 
sectors such as the cement, steel, ceramic 
or glass industries. The project sets out to 
solve this challenge by developing a prototype 
system for the automated online analysis, 
separation and recycling of materials excavated 
on underground construction sites. The entire 
chain from characterisation to classification and 
processing of the excavated material will be 
conducted completely underground, preferably 
on the tunnel boring machine (TbM), thus saving 
natural primary resources, reducing hazardous 

environmental impacts and providing a high 
economic value. 
The DRAGON project is also trying to find new 
economic ways to exploit excavated material. 
for the enhancement of muck material usage 
an easy-to-use web-based database system, 
filled with all analysis data, is being developed, 
marking an important step towards a modern 
trade of mineral resources in tunneling. 

2 ConClusion

This transnational eu funded project offers 
a high future potential by involving partners 
and know-how from universities, construction 
companies, consulting offices and a TBM 
manufacturer. 

figure 1. overall description of the DraGon project. after sampling from the main conveyor belt, the physical and chemical 
properties of the material will be analysed automatically. Based on these results, the material will then be classified into different 
material classes and processed automatically in order to gather various types of valuable material as output.
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Determining radius of influence of the face in EPB shield 
tunneling by finite difference method

s. Gharehdash
Department of Mining and Metallurgical Engineering, Amirkabir University of Technology, Tehran, Iran.

M. barzegar
Department of Mining and Metallurgical Engineering, Amirkabir University of Technology, Tehran, Iran.

M. sharifzadeh
Department of Mining Enginneering. Curtin University. Perth, Western Australia

1 inTroDuCTion

in recent, shield tunneling becomes general 
method to build of underground structures, such 
as subway, power line tunnel, communication 
line tunnel, but there are still unexplained 
processes, which require more understanding. 
Concerns particularly face stability in related 
to using of conditioning additives.  Various 
calculation methods have been proposed to 
calculate the stability of the tunnel face.  

2 MoDelinG

for plasticity analysis, flaC checks the element 
state (elastic or plastic) in each cycling step. 
first, an elastic trial for the stress increment 
is computed from the total strain increment 
and the stresses are checked against the yield 
criterion. if the corresponding stresses violate 
the yield criteria, plastic deformation takes 
place. The stresses are corrected by using the 
plastic flow rule to ensure that they lie on the 
yield surface. for an elasto-plastic problem, 
plastic yielding is checked once the cycling 
starts. Hence, the stress path differs significantly 
from the elastic one if yielding is detected and 
stress state corrected. a typical elasto-plastic 
problem requires 8000–10,000 cycling steps to 
accomplish the solution.

3 ConClusion

The most notable conclusion from this study 
is point out the importance of selecting the 

right tool and modeling approach to represent 
the expected stress path as close to reality 
as possible. figure. 1 shows the relationships 
between the depth from the ground surface and 
the vertical stress levels on the line of ahead of 
tunnel face. 

Proceedings of the World Tunnel Congress 2014 – Tunnels for a better Life. Foz do Iguaçu, 
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     In recent, shield tunneling becomes 
general method to build of underground 
structures, such as subway, power line tunnel, 
communication line tunnel, but there are still 
unexplained processes, which require more 
understanding. Concerns particularly face 
stability in related to using of conditioning 
additives.  Various calculation methods have 
been proposed to calculate the stability of the 
tunnel face.   

    
2 Modeling 
 
For plasticity analysis, FLAC checks the ele-
ment state (elastic or plastic) in each cycling 
step. First, an elastic trial for the stress incre-
ment is computed from the total strain incre-
ment and the stresses are checked against the 
yield criterion. If the corresponding stresses vio-
late the yield criteria, plastic deformation takes 
place. The stresses are corrected by using the 
plastic flow rule to ensure that they lie on the 
yield surface. For an elasto-plastic problem, 
plastic yielding is checked once the cycling 
starts. Hence, the stress path differs significantly 
from the elastic one if yielding is detected and 
stress state corrected. A typical elasto-plastic 
problem requires 8000–10,000 cycling steps to 
accomplish the solution. 
 
3 Conclusion 
 

The most notable conclusion from this study is 
point out the importance of selecting the right 
tool and modeling approach to represent the ex-
pected stress path as close to reality as possible. 
Figure. 1 shows the relationships between the 
depth from the ground surface and the vertical 
stress levels on the line of ahead of tunnel face.  
 

 
Stress path changes in a tunnel not only exist 
over a large time span such as tunnel face ad-
vancing and near-by mining excavation but also 
show up in a very short time span such as ‘‘in-
stant” removing of soil. The correct soil re-
sponse can only be captured if the stress path is 
correctly represented in a model. 
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stress path changes in a tunnel not only 
exist over a large time span such as tunnel face 
advancing and near-by mining excavation but 
also show up in a very short time span such 
as ‘‘instant” removing of soil. The correct soil 
response can only be captured if the stress path 
is correctly represented in a model.
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Rock Tunneling Machines: Options and Methods for Variable 
Geology

b. Grothen
The Robbins Company, Kent, WA, USA

1 inTroDuCTion

Modern tunnel boring machines come in a 
variety of designs that use different excavation 
methods to address a wide variation of geology 
seen during tunneling operations. invariably 
tunnels of any length run into varying geology, 
some of which will fall outside the traditional 
range of any one machine type. on projects 
where the majority of the drive is rock with a 
short percentage of a softer formation, selection 
of a hard rock machine with maximized advance 
rates, minimized operating cost and wear would 
be desirable.  However, when there are concerns 
associated with risks of the machine getting 
stuck, of high water inflow and of subsidence 
in soft ground, the contractor may be driven 
towards the choice of a soft ground machine.  
This paper will review the additional features 
and ground treatment options that could expand 
the spectrum of projects benefitting from a hard 
rock type machine.

2 TbM seleCTion

in order for a rock machine to be an effective 
solution for a mostly rock project with some 
soft ground, it must be designed with features 
that allow it to quickly recover and continue 
boring in the soft ground sections. This paper 
discusses features of the ideal machine for 
these conditions. it starts with an overview of 
grout consolidation followed by use of forepoling 

in front of the machine.  it then reviews the 
use of foam in hard rock machines to treat the 
ground at the face followed by the drive of the 
cutterhead. on the cutterhead we will look at 
the use of closable muck buckets and a closable 
muck chute to control the flow of material.  
finally we will review the system of sequential 
mining.

a sample machine recently proposed that 
included many of these features. The tunnel is 
located in a mix of water-bearing hard, abrasive 
granite with high quartz content (35-40%). The 
remaining ground is soft alluvium (figure 1).  
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figure 1. rock TbM proposed for abrasive granite and soft 
alluvium tunneling.

3 ConClusion

selection of the proper TbM when variable 
ground is expected involves the weighing of 
trade-offs in performance, risk, time and cost.  
in cases where the primary geology is rock with 
short sections of soft ground, TbMs optimized 
for rock can be equipped with features to better 
address the short sections of soft geology. 

KeYWorDs: Mixed ground, TbM Design, Hard rock, Tunnel boring Machines



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

181 

FAST-Tunn, a research program to develop steel quality for 
hard rock TBM-cutters

e. Grøv
SINTEF/NTNU, Trondheim, Norway.

1 inTroDuCTion

There is a need to compensate the development 
of the TbM-technology with new cutter steel to 
allow an excavation method that enables the 
machine capacities to be fully utilized at the 
rock-steel interface. Therefore, a major research 
project has been launched in norway at the 
university in Trondheim (nTnu) together with 
the research foundation sinTef. The project 
is named fasT-Tunn, future advanced steel 
Technology for tunneling and has a value of 
30mill NOK financed by the Norwegian Research 
Council (35%) and the industrial partners. 

The research program includes major 
industrial partners like robbins and basf, world 
wide present in their fields. Steel companies 
like sCana steel stavanger and bMs steel 
in norway provides their in-depth competence 
in steel production and technology, whilst 
babendererde engineers provides data logger 
system to care take a huge amount of data 
from the testing at the TbM’s. The norwegian 
rail Way authorities is also participating in the 
project to view it from the owners perspective. 

The two main objectives in this project is 1) 
to develop more efficient system for excavation 
of hard rock with cutter rings for Tunnel boring 
Machines (TbM), and 2) to improve the 
capabilities of the nTnu model for performance 
prediction of tunnelling operations in norway. 
This leads to the primary goal to develop more 
efficient cutter rings with a 25 % increase in 
cutter life (measured in m3 pr cutter ring). 

To reach this fasT-Tunn is dependent 
on taking into account cross disciplinary 
competence and both solve and document the 
prevailing interfaces and interactions through 
the value chain of theory, laboratory testing, 
numerical modeling and full scale testing.

empirically the prognosis model will follow-
up the results of this development and reflects 

the innovation in terms of constituting a tool 
for better predictability on cost and time. The 
project enables several PhD-candidates. 
norwegian bed rock constitutes a part of the 
fenno-scandinavian shield, and consists of 
mainly Precambrian granitic rocks and gneisses, 
together with later metamorphic rocks, being 
commonly referred to as hard rock. boring and 
tunnelling operations in hard rock are typically 
associated with low penetration rates, high tool 
wear and frequent cutter ring changes, which 
significantly influence the cost of these projects 
and their construction time. Minimizing cutter 
wear and failures, as well as predicting these 
problems at the planning stage and producing 
robust predictions on time and cost, are all 
extremely and equally important.  

in order to reduce the costs of tunnelling in 
hard rock, a joint development of experimental 
techniques, manufacturing processes and 
numerical simulations is proposed. new alloys 
and designs for cutter steels will be introduced, 
and current models for performance prediction 
and wear will be improved. This will be achieved 
by improving the understanding on the physical 
processes in rock/cutter/anti-abrasion additive 
interaction, making use of advanced numerical 
simulations and state-of-the-art experimental 
techniques.

2 ConClusion

The aim of creating longer lasting cutter wheels 
will also have a beneficial environmental influence, 
since the production, refinement and heat 
treatment of steel is an energy demanding process. 
Current technology development in chemicals that 
provide a smoother rock – tool interaction will 
add to these savings and improvements, and as 
such it constitutes an important part of the TbM-
technology development, in many ways.

KeYWorDs: Tunnel boring machines, hard rock, cutter technology, steel quality, new research.
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Modeling of the rock cutting process in hard rock applications
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1 inTroDuCTion

for the cutter head design and performance 
prediction of Tunnel boring Machine (TbM), a 
good estimation of the cutting forces acting on 
disc cutters during the cutting process is of high 
importance. Many research works have been 
carried to propose theoretical/empirical models 
for the cutting force prediction. numerical 
techniques, among which finite element 
Methods (feM) and Discrete element analyses 
are the most common ones, have also been 
used as complementary method to predict 
cutting forces. in the present study, a fe model 
accounting for the rock breaking process has 
been proposed in the commercial fe code ls-
DYna to simulate the full-scale linear Cutting 
Machine (lCM) tests. a preliminary sensitivity 
study has been carried out to understand the 
influence of different numerical discretization 
parameters on the performance of the model. 
an improved rostami analytical model has 
been proposed in order to account for the 
non-uniform pressure distribution in the tool/
rock contact zone together with a calibration 
procedure for the fe model combining 
theoretical and experimental results in terms of 
the cutting force-cutter displacement evolution. 
Figure 1 shows that the modified Rostami model 
could predict the experimental results with a 
reasonable accuracy. 

finally, numerical simulations of lCM tests, 
which were reported by (Cho, Jeon et al. 2013), 
have been carried out numerical simulations of 
lCM tests. it can be observed in figure 2 that the 
calibrated fe model can provide a reasonable 
prediction of the cutting forces.

 

figure 1. Comparison between experimental results and 
theoretical results. experimental data are taken from (Cho, 
Jeon et al. 2013).

 

figure 2. Comparison between numerical and experimental 
results of the lCM test: a) rolling force and b) normal force.

2 ConClusion

The present paper proposed a fe model for 
hard rock cutting process together a calibration 
procedure based on the analytical/empirical 
results of rostami (CsM) model. However this 
model seemed to underestimate the force level 
of lCM tests on granite samples. 

improvements have been proposed for the 
Rostami model. It has shown that the modified 
rostami model could predict the experimental 
results of lCM tests on granite samples with a 
reasonable accuracy. 

The lCM simulation results with calibrated 
fe model were in a reasonable agreement with 
the experimental data. 

KeYWorDs: Hard rock, rock breaking, TbM, simulations, analytical model.
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The study of support pattern in modern rock TBM with a 
pressurized ring beam system
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School of Civil, Environmental and Architectural Engineering, Korea University, Seoul, Korea

1 inTroDuCTion

The pressurized ring beam has been devised to 
improve the performance of primary support by 
applying pressure to circular steel ribs (i.e., ring 
beams) during operating a modern rock TbM. 
in this paper, an appropriate support pattern 
is suggested for the pressurized ring beam in 
consideration of typical ground conditions for 
the modern rock TbM. 

in this paper, the effect of the pressurized 
ring beam (Prb) on improving the TbM support 
system is examined in a practical point of view. 
a three-dimensional fe analysis was performed 
for a typical downtown tunnel with dimensions 
similar to common railway tunnels. The fe 
analysis considered the effect of pressurizing 
ring beams at each construction stage. from 
the results of fe analysis, equivalent support 
pressure was estimated by analyzing the change 
of LDP (longitudinal displacement profile) due 
to excavation and pressurization, for example, 
see figure 1. The equivalent support pressure 
was converted to pressure requirement that is 
employed to propose a standard support pattern 
for Prb corresponding to ground conditions.
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figure 1. lDP analysis for rock type V

2 ConClusion

The pressurized ring beam (Prb) is an 
economically feasible and optimum support 
system in comparison with the conventional ring 
beam support system by reducing the support 
requirement. in addition, the Prb leads to not 
only local arching effect but also additional 
reinforcement to the unreinforced region 
between ring beams.

KeYWorDs: Modern rock TbM, Pressurized ring beam, arching effect, 3D-feM analysis
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The situation of the railroad shield tunnel design in the latest 
Japan

J. Komatsu, T.ushida, T.nakayama, K.Tsuno and s.Yakita
Railway Technical Research Institute, Tokyo, Japan.

1 inTroDuCTion

in Japan, a shield tunnel method is applied 
widely in an urban region with soft ground from 
1960s. The manual excavation type shield that 
used pneumatic method together was mainly 
applied before 1970s. However, the large 
settlement of the ground was observed at many 
places in this method. after 1980’s, the closed 
shield method such as the earth pressure type 
shield and slurry one becomes a major part of 
selected shield type and the design method of 
the shield tunnel established it.

The closed shield method became the 
certain method and got possible to correspond 
to the complicated ground. recently, the amount 
of the settlement to occur by construction was 
small, and the shield tunnel method became the 
main method of construction of the urban tunnel, 
and railway shield tunnel is constructed more 
than 350km. We analyzed the results about 
the design and the execution of railway tunnels 
constructed by the shield tunnel method. This 
paper introduces an example of the result.

2 ConClusion

by the trends analysis of railway tunnels 
constructed by the shield tunnel method, the 
tendencies of the recent shield tunnel such as 
shield type, segment, were grasped. This result 
will be useful for the revision of the design 
standard and these data of the tunnel become 
the important information for the maintenance in 
the future.

figure 1. foundation assumption.

A foundation assumption figure is shown 
in figure 1. The shield tunnel located in the 
cohesive soil foundation of 14 m of thickness of 
the ground was made into analysis conditions.

an analysis case is segment outside 
diameter the 5.0 m ~ 14 m. segment height is 
0.25 m ~0.65 m. analysis cases are 95 cases 
in all. The analysis case was determined from 
track record data. although the combination 
which does not exist really also existed in inside, 
it analyzed in order to analyze a trend a trend 
this time.

KeYWorDs: shield tunnel, Construction track record, segment design
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Development of an SFRC segment within a TBM tunnel: 
flexural beam test for evaluation of SFRC 

D. Y. Moon
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Korea Institute of Construction Technology, Gyeonggi-do, Republic of Korea.

T. Kang
Sampyo, Seoul, Republic of Korea.

1 inTroDuCTion

Tunnel segments are subjected to not only 
compressive force but also bending moments 
generated by differences between vertical and 
horizontal loads, both of which are generally 
dependent on ground conditions. Minimum 
steel reinforcement may provide sufficient 
support tensile forces and is occasionally used 
to enhance serviceability. one alternative to 
this type of reinforcement is the used of steel 
fiber reinforced Concrete (sfrC), which is 
highly durable but has a lower load-bearing 
capacity than concrete structures with ordinary 
steel reinforcement. sfrC segment linings for 
tunnels are becoming popular in europe and 
Japan, and across the international tunneling 
industry as a whole. This type of reinforcement 
has been successfully used in a number of 
recent projects.

a Korean research project focused on the 
development of full sfrC tunnel segments 
was launched during 2011 and is ongoing. The 
latest part of this project focused on member-
scale evaluation of sfrC and here we present 
the results of laboratory tests undertaken during 
2013. These tests used 16 beam specimens 
cast with SFRC, and the flexural performance 
of these beams was tested using the conditions 
specified in Model code 2010 (Table 1). The tests 
focused on the effects of variations in concrete 
strength (45 and 60 MPa), aspect ratio, and the 
mix ratio of steel fibers with hooked ends. The 
results indicated that steel fibers with lengths 
of 60 mm and diameters of 0.55 mm satisfied 

conditions for a compressive strength of 45 
MPa, although no fibers satisfied the conditions 
for a compressive strength of 60 MPa.

Table 1. The results of displacement

specimen
name

δpeak

(mm)

δu

(mm)

δsls

(mm)

δu≥20δsls

a-45-0.25 0.74 4.80 0.26 nG
a-45-0.37 0.84 11.76 0.22 oK
a-45-0.50 0.95 13.17 0.25 oK
C-45-0.25 0.73 3.22 0.26 nG
C-45-0.37 0.85 6.37 0.26 oK
C-45-0.50 1.18 8.40 0.27 oK
C-60-0.37 0.69 6.64 0.36 nG
C-60-0.50 1.10 5.72 0.39 nG

2 ConClusion

This study used flexural beam tests to evaluate 
the use of sfrC within tunnel segments. 
The results indicate that sfrC satisfies the 
conditions specified in Model Code 2010. Further 
testing focused on determining the optimal fiber 
type and steel fiber mix ratios for use within 
sfrC with a strength of 45 MPa. These results 
indicate that an SFRC flexural member can be 
designed using the model proposed in Technical 
report no. 63 via analyses of several moment-
capacity models for sfrC beams.

KEYWORDS: Segment, Steel fiber reinforced concrete
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1 inTroDuCTion

The shield driven tunnel of Metro rio line 4 
between the stations General osorio ii and 
Gávea station has an approximate length 
of 5,2 km. The excavation in soils will be 
approximately 3 km long and the excavation in 
rock approximately 2 km long. 

The tunnel stretch in soil is mainly excavated 
in sands. The groundwater table always lies 
over the tunnel crown and between 2 m and 5 m 
below ground surface.

The mixed geological conditions, together to 
the fact that the project is located in a sensitive 
urban area, creates a demanding project 
scenario where special care is needed to be 
taken.

innovative TbM design, real-time process 
controlling of the TbM operation and continuous 
review procedures are part of a tailor-made risk 
management strategy for the project realisation.

The presentation deals with the following 
topics of the design and construction process:

•	 TbM selection process: slurry shield versus 
earth Pressure balanced shields.

•	 innovative hybrid ePb concept: convertible 
shield operating in open mode, ePb mode 
and high density slurry mode.

•	 innovative ePb pumping mode and separa-
tion devices on the TbM back-up.

•	 analysis of the system behaviour between: 
ground – TbM – infrastructures, while using 
latest feM simulation approaches.

•	 laboratory testing for innovative Polymer 
foam Conditioning Technology.

•	 Gis-based real-time process controlling sys-
tem with “MTC-ProCon”.

•	 Communication of team-building strategies.

since the TbM starts excavating in December 
2013 and the production runs during the WTC 
2014, the latest results and experiences will be 
presented.

2 ConClusions

slurry shield technology suits perfectly for 
the sands, but the few experience of south 
american contractors on it, the lack of space 
for the separation plant and the risk of high 
volume collapses in case of operation failures 
were important issues for a detailed alternative 
assessment of the ePb technology.

a hybrid TbM combining the advantages of 
slurry shield-, earth Pressure balanced shields 
and open shield (for the rock section) is the 
solution which fulfills all the requirements. 

Proven technology from botlektunnel and 
other projects has been used for a tailor-made 
solution dealing with all project requirements.

KeYWorDs: hybrid ePb, convertible shield, process controlling, MTC-ProCon
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A Soil TBM Based on Hydro-Excavation and Extruded Lining
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Civil Engineering Dept, Federal University of Santa Catarina, Florianopolis, Brazil.
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1 inTroDuCTion

The current Tunnel boring Machines (TbMs) 
are not sufficiently accessible to meet the rising 
worldwide demand for underground projects. 
in fact, the high capital and operating costs of 
TBMs are still significant barriers to scale up 
market penetration of this excavation method. 
The basic TbM mechanism is intrinsically 
linked to their high costs, due to the high power 
demand of boring, self-propelling and mucking 
systems. another impacting aspect relates to 
the high customization level of TbMs, since they 
are designed for the specific conditions of each 
project. Therefore, it is often quite difficult to 
reuse these machines, thereby eliminating the 
benefits of an economy of scale. 

To address the current opportunities, this 
article proposes an alternative soil tunneling 
method based on a semi-mechanized approach 
which increases efficiency and productivity and 
reduces overall costs and construction time. 

The proposed solution, called brabo 
(brazilian borer), resulted from a thorough 
search for potential innovations to enhance 
the current TbMs. one of the most important 
innovations of the brabo proposal refers to the 
excavation process, based on peripheral cut.

The basic idea consists of providing a hollow 
tubular shield with a water jet cutting system 
(hydro-excavation) to advance and support 
the excavation front of the tunnel into the soil 
layer. The soil in the interior of the shield can 
be removed either by manual means or by a 
small tractor loader with a digging bucket. To 

complete the advance cycle, adequate support 
must be provided by installation of corrugated 
steel plates at the rear end of the shield. 

figure 1 illustrates the main parts of the 
proposed equipment. for the present version, 
we designed an articulated, two-segment tubular 
shield with an outer diameter of 3 m and inner 
diameter of 2.6 m and a total length of 8.5 m.

 

figure 1. overview of the proposed brabo machine.

2 ConClusion

The proposed design is suited for 3 m diameter 
tunnels. The resulting device comprises a shield 
with an outer diameter of 3 m and inner diameter 
of 2.6 m and a total length of 8.5 m. Due to the 
removal rate of 10 m3/h of the hydro-excavation 
system, the brabo machine could offer advance 
rates higher than 60 m/day.

KeYWorDs: soil TbM, Hydro-excavation, Concrete extrusion.
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1 inTroDuCTion

in this study proposes a methodology possible 
to perform a more realistic TbM selection that 
reflects construction conditions and environment 
and includes geological, environment and 
cost conditions by applying the aHP (analytic 
Hierarchy Process) technique.

The range of influence of each influencing 
factor selected by third classification is also 
selected by splitting into two based on the 
expert consultation as well as guidelines and 
standards which are currently presented in each 
institution. The classification of the influencing 
factors is shown in Table 1.

Table 1. Classification of influencing factors on TBM selection

objective Criteria

Geology

Hard
rock

rock Compressive strength
rQD
fissure spacing
fault zone
Water in flow per 10m tunnel

soft
Ground

Cohesion
Grain distribution (<0.06mm)
supporting Pressure

environment
feasible site
adjacent structures

Cost

The results of using this classification of 
influencing factors are based on aHP. in the 
objective, ground condition (0.58/1) was derived 
as the most important factor. in the criteria for 
each condition, uniaxial compressive strength 
(0.30/1), water head (0.59/1), and influence on 
surrounding structures (0.71/1) turned out to be 
the most important factors. 

in addition, the reliability of this machine 
selection method was checked by applying the 
preferred value to power district and channel 
tunnel as shown in Table 2 below, and it was 
confirmed that the same machine as the one 
used in the field is derived

Table 2. result applies in the selection of TbM in other 
projects

Project
service 
Machine

selecting 
Machine

seoul Metro line no.9 sector 
921

ePb ePb

bundang line sector *** ePb ePb
Dong-bok conveyance water 
Tunnel

Gripper Gripper

electric power tunnel between 
Gwang-jin and Jungnang

ePb slurry

electric power tunnel at banpo 
section

slurry slurry

2 ConClusion

This study proposed the guideline for machine 
selection of the type of ‘machine-factor’ preferred 
value that considers environmental conditions 
and price conditions which were not taken into 
account in the previous studies though the 
aHP technique. The proposed guideline was 
verified through 5 projects, and results similar 
to those of most machine used in the actual 
field were obtained. In this regard, it is expected 
that the selection of TBM that reflects domestic 
construction conditions and environment will be 
possible through the preferred value of factor-
machine derived based on this study.

KeYWorDs: TbM, TbM selection, aHP.
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1 inTroDuCTion

The nishiya Tunnel on the through lines between 
the sotetsu line and the Jr line is a regular line 
double-track sectional tunnel 1,446 m long, 
leading from nishiya station to Hazawa station 
(tentative name) in Yokohama city, Japan. This 
tunnel is being constructed using the sens 
method (cast-in-place support system using 
a shield). excavation began in february 2013 
using a sealed earth pressure balance type 
shield tunneling machine (ø10,460 mm), starting 
from the departure shaft at Hazawa station 
(tentative name) and proceeding in the direction 
of the arrival shaft near nishiya station. sens is 
a tunnel support system in which, concurrently 
with the shield tunneling excavation, concrete is 
pressurized and placed at the shield tail section 
to provide extruded Concrete lining (eCl) that 
will serve as the primary lining. This tunnel 
represents the third time that the sens system 
has been used.

The primary lining concrete mix (mix “b”) 
was determined so as to meet performance 
requirements: fluidity, Maintenance of pressure 
state, Quick-hardening, Material separation 
resistance, antiwashout underwater and 
Pressure-feed performance, considering 
construction in urban areas and past piping 
problems. as mix “b” had not been used for 
construction previously, applicability to actual 
execution was verified through testing. For 
testing purposes, approximately 1/4 scale 
primary lining concrete was fabricated using 
a large placement test unit that simulated the 

site ground and actual construction, and it 
was verified that sound cast-in-place lining 
concrete could be placed using mix “b”. The 
measurement items can be roughly divided 
into three categories: concrete fundamental 
properties (Table 1), concrete placement 
pressure, and confirmation of work progress.

Table 1. large Placement Test Measurement results (Major 
concrete fundamental properties)

Major 
Measurement item

Measurement result
Performance 

requirements “b”

Slump flow (after 4 
hours)

640 mm 650±50 mm

pH 11.9 Max. 12.0

Quantity of 
suspended matter

482 mg/l Max. 1,000 mg/l

Compression 
strength 
30 hours

27.6 n/mm2 15 n/mm2

28 days 61.4 n/mm2 30 n/mm2

2 inTroDuCTion

The three categories all satisfied design 
standards and performance requirements. from 
the above results, it was confirmed that suitable 
primary lining concrete could be constructed with 
the mix “B”. It was also confirmed that concrete 
that satisfied Performance Requirements “B” 
was suitable for use in this tunnel. accordingly, 
the mix that satisfied Performance Requirements 
“b” (mix “b”) was used as the basic mix.

KeYWorDs: shield, extruded Concrete lining, naTM.
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1 inTroDuCTion

são Paulo is one of the biggest cities in the 
world, with around 20 Million people living in the 
city and in the suburban area. The city faces 
great mobility problems and, in recent years, the 
government has been investing great amounts 
on the city´s public transport. figure 1 shows 
the location of the city of são Paulo.
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figure 1. são Paulo city location

The line 5 extension is the major 
government investment for public transport 
currently in progress in são Paulo/ brazil. it 
will connect the south area of são Paulo  to 
its central area. The whole extension has 11 
kilometres of line, including 11 new stations and 
a new parking yard. The first stretch of the Line 
5 extension consists of two single tunnels, each 
of which are almost 5 kilometres long. both of 
these tunnels will be executed by two ePb TbM 
machines (silva et al, 2013). 

The two ePb machines will bore together 
more than 300.000 m³, and the expected 
average productivity is 15 m/day, per machine. 
The inner tunnel diameter is 6 m whereas the 
TbM outer diameter is 6.90 m. The propel 
cylinder is composed of 16 pairs of jacks that 
provide a total pushing strength of 60.800 kn. 
The cutting head potency reaches 1.600 kW 
and transfer a torque of up to 4.682 knm.

almost 6.000 concrete rings will structure 
the tunnel lining. These rings will be formed 
by 6 pre-cast segments and 1 key, reinforced 
in 70% of the tunnel with steel fibers and in 
the remaining stretch with steel frames. its 
truncated cone shape allows 300 radius curves 
by changing the key piece location.
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1 inTroDuCTion

an important aspect of the operation of closed-
faced Tunnel boring Machines , either ePb or 
slurry, is the control of face pressure in order to 
minimize the effect on the surrounding ground 
due to movements. This article discusses the 
available models in current literature, either 
i) based on analytical models and centrifuge 
tests, which correlate the surface settlement 
with the tunnel face stability, or ii) based on 
equilibrium limit methods. The former are very 
limited because they are only applicable to 
homogeneous soils with cohesive behaviour 
and without a frictional resistance component, 
disadvantages that are overcome by the latter. 
To check the validity of the approach, settlement 
estimations both from analytical models and limit 
equilibrium methods are respectively compared 
with data gathered from different TbM case 
histories, either in soft ground and hard clay. a 
final check with numerical models also proves 
successful.

2 ConClusion

This paper has described the application of 
numerical methods of slices for assessing safety 
on the surface subsidence. This allowed into the 
analysis the heterogeneity of the geotechnical 
profile, the existence of a water table or the 
presence of granular soils.

finally, the method has shown different 
correlation curves for a wide variety of ground 
types, allowing to obtain the ground loss (which 

measures the volume of the settlement trough) 
from the factor of stability, which can be applied 
in similar projects. 

 

figure 1. flaC 3D model: The variation of the ground loss 
according to face pressure.

KeYWorDs: ePb, slurrY, seTTleMenT, GrounD loss, faCe sTabiliTY.
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1 inTroDuCTion

shield tunnelling technology has been used 
to construct tunnels in soft ground especially 
under groundwater. in particular, closed-type 
shield, namely, slurry shield and earth pressure 
balanced shield, is applied to those ground 
conditions. 

The slurry shield supports the excavation 
face by pressurized slurry in a cutter chamber. 
in the case of the classical slurry shield (ss), 
the face support pressure is controlled by the 
balance between slurry inflow and slurry outflow. 
on the other hand, the mixed shield (Ms) has 
an rear chamber including an air cushion just 
behind the cutter chamber, and regulates the 
face support pressure by compressed air in 
the air cushion, which is controlled by the air 
pressure control system and the slurry flow 
control system. 

figure 1. Test equipment.

a prototype test using a model as shown in 
figure 1 was carried out, to grasp the feature 

and the control method of Ms, such as supply 
air flow, discharging air flow, supply air pressure, 
slurry inflow, and slurry outflow. The obtained 
results of Ms were compared with those of ss. 
furthermore, the time dependent measured 
face support pressures at some sites using ss 
were examined and the characteristics of the 
both control systems affecting to ground stability 
were discussed. 

2 ConClusions

as a result, the followings were made clear:
1) The mechanism on face support pressure 

control by the classical slurry shield (ss) and 
the mixed shield (Ms) was made clear. 

2) The control method of face pressure is 
a predominant factor on the fluctuation of face 
support pressure D. in this test, Ms shows more 
than 45% reduction of D for slurry loss and more 
than 60% reduction of D for slurry flow block. 
as the face pressure decreases and the supply 
air pressure and no. of airing system increase, 
the fluctuation of face support pressure	 D 
decreases. 

3) in the case of ss, the face support 
pressure could be controlled to be stable under 
a proper control, but ground condition gives 
influence on the performance of the conventional 
control system. 

4) since ss and Ms have each characteristics 
from the viewpoint of the ground stability around 
a tunnel, it is necessary to examine the control 
method of face pressure, considering the overall 
factors influencing on ground stability.

KeYWorDs: shield tunnelling, slurry shield, mixed shield, prototype test.
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1 inTroDuCTion

The ease of construction and quality of the 
secondary lining concrete at the crown of the arch 
are the elements of the most important issue in 
mountain tunnels. However, it is difficult to compact 
concrete and to ensur the filling of concrete. In the 
field, construction relies greatly on the experience 
of workers because the filling of concrete at the 
crown cannot be visually verified.

in recent years, it has sometimes been 
ensured that concrete is filled at the crown by 
controlling the placement and filling of concrete 
based on the measurements of the filling 
pressure that are obtained by using pressure 
gauges installed on the surface of the formwork. 
Concrete is placed and filled by pumping. 
Then, the concrete that fills up the formwork is 
pressurized.

in this study, which aimed at verifying the 
quality of concrete that is pressurized when it is 
filled, the distribution of pressures in the lining 
was measured while concrete was placed, and 
discussions were made on the relationship 
between the pressure and concrete quality.

The test was conducted in a section of the 
2,270-m-long Mt. nosakadake Tunnel on the 
Maizuru-Wakasa expressway.

2 ConClusion

it was found based on the distribution of 
pressures in the lining that only limited pressure 
could be applied far away from the blow-up port 
and that only a certain level of pressure could be 
obtained near the bulkhead.
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Through the tests, it was verified that 
the pressurized filling of concrete in actual 
construction would be effective for the increase 
of strength and the tightness of concrete. it was 
also found that applying pressure of 20 to 40 
kPa would most efficiently contribute to the 
improvement of concrete quality.

KEYWORDS: lining concrete, pressurized filling, pressure control, air permeability tests
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Clogging and Disintegration of Fines During Mechanised 
Tunnelling in Clayey Soils

M. Thewes and f.s. Hollmann
Institute for Tunnelling and Construction Management, Ruhr-University Bochum, Germany 

1 neW CloGGinG DiaGraM

shield tunnelling in fine-grained soils is 
frequently obstructed by clogging. on one hand 
the clogging risk of soils depends on multiple 
subsoil properties:

•	 fine content (clay and silt <0,06 mm)
•	 clay mineralogy
•	 atterberg limits and water content
•	 availability of free water

in many cases, freely available ground- or 
process-water causes consistency changes of 
previously not critical clayey soils to increase 
their stickiness or lead to dispersed fines. 
While the natural soil parameters clearly can be 
determined by laboratory tests, the availability of 
free water not only is influenced by the ground 
water inflow but also by the shield type:

•	 slurry shields: support slurry  causes very 
high amount of free water

•	 shield machines without face support: 
amount of free water depends on the 
groundwater inflow

•	 EPB shields: defined water addition for con-
ditioning of support mud

The existing approach of estimating the 
clogging potential by Thewes, which is derived 
from the indices of plasticity and consistency, 
has proven to be beneficial for practical 
purposes, but should only be used for slurry 
shield tunneling with high availability of free 
water. Transfers to other shield types are 
outside of the application range of his diagram.

A new diagram allows for the quantification 
of changes in the water content and thus, for 

estimating changes in the consistency of 
fine-grained soils under different boundary 
conditions (availability of water). Defining the 
critical consistencies (Clogging: very soft-soft-
stiff; dispersing of fines: liquid) in the diagram, 
required critical water content changes can be 
estimated (fig 1). in this case it can realized for 
condition without free water, that two soils would 
cause no problems (grey and green data points), 
while the other soil would be sticky in its natural 
condition (red data points). Comparing the in its 
natural state uncritical soils, it is obvious, that 
needs higher changes of the water content to 
become sticky (green data points) and therefore 
allows more groundwater intake than the other 
soil (grey data points).
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2 ConClusion

The new diagram was developed to evaluate 
the clogging potential of clay soils for all types 
of tunnelling machines. Water content changes 
of soils, which often cause problems during 
tunneling, can be quantified.

KEYWORDS: mechanised tunnelling, sticky clay, clogging, fines, Atterberg limits
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Adoption of shear keys to provide stability to TBM tunnels 
segmental lining during cross passages construction: The 
example of Aked tunnel

n. Della Valle, r. salas Monge and e. savin
Tunnelconsult, Sant Cugat del Vallès, Spain.

1 inTroDuCTion

large twin transportation tunnels nowadays 
include the construction of connecting galleries 
to link both tubes due to safety requirements. 
Within the 10m diameter, 3.5km long aked 
tunnel project, part of the Jerusalem-Tel 
aviv rapid railway, construction of 14 cross 
passages between the tubes is being executed. 
each one implies partially demolishing two rings, 
on each tube. Typically, a heavy steel frame 
structure placed in the main tunnels to support 
the segments during ring opening is installed 
and then, a so-called reinforced concrete collar, 
which serves as connecting structure between 
the main tunnels and the cross passages, is 
cast in place after ring demolition.

in the aked tunnels, instead of placing the 
habitual steel structure in the tunnels to support 
the segments during ring opening, shear keys 
were installed on the circumferential ring to ring 
joints to redistribute loads from the opened rings 
to the adjacent ones prior to the construction of 
the collar structure, thus providing stability to 
the lining. 

The adopted shear keys function as 
temporary shear elements and result in the 
segmental lining behaving as a single tube 
instead of as independent rings. The adopted 
solution eliminates the interferences of the 
typical heavy steel structures in the main tunnels 
with vehicle circulation and cabling and pipeline 
laying activities, thus avoiding negative impacts 
on the production schedule.

The design of the shear keys included 2D 
and 3D lining structural verifications with FEM 
models aimed at studying both load transfer 
mechanisms and the capacity of the opened and 
adjacent rings to withstand force concentration 
induced by the segments’ opening and cross 
passage excavation. 

2 ConClusion

at the time of writing of this article, excavation 
of eleven out of fourteen cross passages is 
progressing. in all of them, the rings of the 
southern tunnel were opened, excavation 
for the collar executed and the collar casted 
successfully.

Detailed visual inspections of the southern 
tunnel at cross passage locations showed no 
sign of overstressing nor on the segments nor on 
the shear keys. As also confirmed by monitoring 
results from targets on the opened rings and 
those before and after the opening, the lining 
is behaving, as expected, as a single tube on 
which a window has been opened and loads 
have been redistributed around it. The shear 
keys have also fulfilled their function without 
suffering from cracks or other damages, thus 
seemingly backing the design assumptions.

as shown by the aked Tunnel experience, 
shear keys are a suitable and effective solution 
to provide the required stability to tunnels, both 
in sound and weak rock conditions.

KeYWorDs: shear keys, cross passages, aked tunnel.
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Unexpected performance and cost factors for hard rock TBM. 
Analyses of specific cases with the thrust- penetration gradient

M. Weh
Marti Holding AG, Moosseedorf, Switzerland.

H. Wannenmacher 
Marti Holding AG, Moosseedorf, Switzerland.

1 inTroDuCTion

in the common view of tunnelling experience, 
discontinuities as joints and fractures are 
considered with downscaling effects on the 
mechanical properties of rock mass. The 
effect of discontinuities in mechanized hard 
rock excavation is of ambivalent nature. The 
presence of favourable number and orientation 
of joints leads in general to a reduced effort 
for TbM excavation and higher advance rates; 
where else the same presence of joints may 
indicate an instable face and blocky ground 
conditions. in this context the amount and 
orientation of the in-situ stress is an important 
aspect, which has to be considered. recent 
experience in various TbM projects in europe 
support this rule of thumb. 

adverse experience was gained with 
hydrothermal activities along shear zones, 
which showed an opposite trend for downscaling 
effects on discontinuities, especially visible in 
decreasing TbM advance rates. laboratory 
investigations on the strength of the shear 
zones showed an increased strength in the 
surrounding and hydrothermal influenced rock 
mass. 

The thrust-penetration gradient was 
used to correlate the TbM performance 
towards encountered ground conditions. The 
assessment of thrust-penetration gradients 
allows for the identification and quantification 
of geomechanical features towards the 
performance of TbM’s, accounting of excavation 
classes and budget balancing. 

KEYWORDS: TBM, Penetration Rate, Influence of Stress, TBM-diameter, Discontinuities.
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An Integrated Information Framework for Precast Tunnel 
Concrete Lining Segments Life-Cycle Management

Min Hu and shengchen Zhou
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Research Centre for Building Industrialization, Shanghai University, Shanghai, China
Chuangfeng Duan
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KeYWorDs: life-Cycle Management, integrated information framework

1 inTroDuCTion

Precast concrete lining segments are the most 
important structural components for a tunnel, 
and whose quantity is associated with the safe 
operation of the tunnel closely. researchers 
and technicians require full life-cycle information 
of precast concrete lining segments so as to 
analyze tunnel defects, maintenance tunnel 
segments and prolong the life of tunnel. 
However, how to gathering, storing, processing 
and retrospective of segments data is extremely 
difficult, due to different participants among 
the tunnel projects and spatial-temporal 
characteristics of information.

2  inTeGraTeD inforMaTion 
fraMeWorK

This paper proposed an integrated information 
framework from the perspective of quantity 
traceability and visual interactivity for supervising 
and controlling the whole process of segment 
manufacturing, construction and maintenance. This 
framework applied Radio Frequency Identification 
(rfiD) technology to capture segment data 
in real-time by binding a RFID tag to specific 
tunnel segment. in addition, as an information 
repository tool, building information Modeling 
(biM) technology is used to present history data of 
segments from multiple data sources. follow this 
framework, a series of manufacturing information 
processing methods is established to optimize 
manufacturing and constructing process, adjust 
maintenance strategies and prevent segments 
defects occurring.

3 enGineer aPPliCaTion

a life cycle management system for shanghai 
cross-river tunnel project is given to demonstrate 
the developed framework and corresponding 
methodologies.

We designed a tunnel life-cycle system 
(see fig.1) based on the integrated information 
framework. in practice, we have deployed two 
systems. one system is used in manufacturing 
phase, and another is used in construction and 
operation & maintenance phases. 

fig. 1. interface of Tunnel life-Cycle system 

using this system, the two core functions 
of quality recurrence and safety pre-warning 
are realized and found the cause for leakage of 
segment and controlled it successfully.

4 ConClusion

Compared with the traditional management 
framework, this framework improves the 
quality recurrence efficiency and puts forward 
an effective visual interactivity method for 
supervising and controlling the whole process of 
segment life-cycle management. 
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Effect of tail void grouting on the surface settlements in soil of 
low permeability

M. Ziegler, J. Y. oh
Geotechnical Engineering, RWTH Aachen University, Aachen, Germany

1 inTroDuCTion

urban development and the continuous 
extension of national transport systems have 
been accompanied by a considerable growth in 
tunnel construction and a continuous develop-
ment of tunnel technology. besides convention-
al excavation methods, such as new austrian 
Tunneling Method (naTM), shield tunneling is 
now a well established method, which allows 
tunneling in a wide range of soils with difficult 
conditions. The shield tunneling technique is 
characterized by active supports (e.g. face 
support pressure, rigid shield, tail void grouting) 
that counteract a stress relaxation of the ground. 
Despite this the deformation of the ground 
surface is still considerable. 

Tunneling in a low permeable soil often 
results in ground surface settlements that 
continuously increase over a long period of 
time. A review of field data of consolidation 
settlements above tunnels in a low permeable 
soil shows that the increase in settlement over 
the long term is of the order of 30 – 90 % of the 
total settlement (shirlaw 1995, Hashimoto et al. 
1999). 

The long-term behavior is the extension 
of the short-term behavior in terms of ground 
movements due to tunneling. The tail void 
grouting in shield tunneling plays an important 
role to decrease the closure of the tail void 
behind the shield tail and the surface settlement. 
in related studies with regard to the long-term 
behavior of tunnels, it was confirmed that 

the effect of tail void grouting on the excess 
pore pressure in the soil is quite remarkable 
and therefore it is not reasonable to neglect 
it (Hwang et al 1996, Hashimoto et al. 1999). 
Consequently, this paper covers the influence 
of tail void grouting on the surface settlements 
relating to short and long period of time. 
Therefore, coupled hydro-mechanical three 
dimensional finite element simulations for the 
simple case of a tunnel advance in homogenous 
low permeable soil below the ground water table 
have been performed.

2 ConClusion

The effect of tail void grouting is investigated 
using coupled hydro-mechanical three dimen-
sional finite element simulation. From the results 
the following conclusions are obtained.

an increase in grouting pressure reduces 
the short-term settlements, but in many cases 
it does not lead to a reduction of the long-term 
settle-ments due to the effect of consolidation. 
Thereby, the existence of a critical grouting 
pressure is identified, at which the minimal 
settlements are expected. The critical grouting 
pressure can be defined as a maximal grouting 
pressure, up to which an arching is formed in 
the range near the tunnel. 

The critical grouting pressure depends on 
the initial relative density of the ground. The 
denser the ground is, the higher the critical 
grouting pressure is.

KeYWorDs: tail void grouting, settlement, critical grouting pressure, volume change
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Introducing Immersed Tunnels to New and Developing Global 
Markets

J. baber 
Mott MacDonald Ltd, London, United Kingdom

KeYWorDs: immersed tunnel, new technology, affordability

1 inTroDuCTion

less than 200 immersed tunnels have 
been constructed around the world and 
many countries have not yet embraced the 
technology.  it can offer a better way to cross 
a waterway for environmental, geometric or 
risk mitigation reasons. When implementing 
an immersed tunnel project for the first time 
it is important to gain a broad understanding 
of the technology and use the knowledge of 
experienced practitioners to avoid the pitfalls 

associated with an unfamiliar technology.  This 
paper describes some of the more unusual 
aspect of the technology but also shows that the 
majority of construction techniques are within 
the capabilities of most developed construction 
industries around the globe.  some suggestions 
are given for how to approach an immersed 
tunnel project for the first time and industry 
guidance documents are identified that may be 
useful for newcomers to the method.
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Settlement behaviour of Immersed tunnels on sand bed; 
monitoring and analysis
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1 inTroDuCTion

after construction, immersed tunnels that 
have been founded on sand bed tend to 
show a time dependent settlement.  as during 
construction of the Tunnel the foundation bed 
underlying the tunnel, in most circumstances 
have been unloaded by dredging the trench, 
it is unlikely that the underground is settling 
due to the increased load of the tunnel itself. 
in most occasions the foundation load is less 
that the effective overburden pressure before 
the tunnel is present. further the foundation 
in many occasions constitutes a relatively 
permeable sand layer, therefor consolidation 
and or creep of the sand bed is unlikely. in this 
study data from 6 different immersed tunnel in 
the netherlands have been evaluated that show 
largest settlement of between 22 and 49 mm 
after a period that ranges between 14 and 48 
years.

The main difficulty with the foundation of a 
sand bed that is flushed under the tunnels is that 
with this method the relative density of the sand 
after construction may have a wide variety, that 
may range between Dr = 0.3 at the least and Dr 
= 0.5 .  Due to this low relative density the sand 
bed is vulnerable for cyclic strain; cyclic strains 
that may be caused by heavy lorries passing 
through the tunnel, ships passing over the 
tunnel if the canal is narrow or tidal movements 
if present. 

as consolidation and creep that are normally 
considered as the main source for time-
dependent settlements had to be excluded, 
here densification of the sand bed was looked 
into and analysed with an analytical method 
that is based on the number of cycles of shear 
strain that surpasses a strain of 0.0001.  With 
this model a best fit was derived for the tunnel 
for which the most reliable data was available. 

Due to insufficient data for validation it is 
not yet possible to come up with a model that 
predicts the settlement as a function of loading 
in advance. up to now it is not yet clear which 
of the sources for shear strain is the dominant 
one. This uncertainty is caused by the fact that 
the analytic description of the strain is quite 
uncertain which leads to the situation those 
different sources may show a comparable 
addition to the settlements although these 
sources may have a different frequency in 
appearance; this makes it hard to distinguish 
which is the dominant source.

on the other hand based on the empirical 
data only it is not hard to distinguish that on 
average the tendency of all the tunnels shows 
volumetric strain of 3,5 % in 30 years with 
a logarithmic character; all the tunnels fall 
within this bandwidth assuming a coefficient 
of variation of 0.2, which is not uncommon for 
geotechnical observations.
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A Study on Precise Positioning Methods Based on Multiple 
Systems for Immersed Tunnel Element Installation in Shallow 
Waters

l. Weiqing, W. ruida, l. bangyan.
CCCC Fourth Harbor engineering Co. Ltd, Guangzhou 510231, China.

Z. Jianhu
School of Geodesy and Geomatics, Wuhan University, Hubei 430079, China.

f. Changyuan, l. Hanbo
The Second engineering company of CCCC Fourth Harbor engineering Co. Ltd, Guangzhou 510231, China.

in the immersed tunnel element installation 
under a shallow-water environment, it is very 
important to provide automatically positioning 
solution of high accuracy and reliability to 
guarantee the safety of construction. Therefore, 
a precise poisoning method is studied in this 
paper.

first of all, a synthetic monitoring system 
and the configuration of each sensor in the 
system are developed. for the positioning 
operation in shallow water, two survey towers 
could be installed on the two control points at 
the head and tail of immersed tube respectively. 
besides, a synthetic monitoring system is 
developed, which includes total stations, GPss, 
Mrus (Motion reference units), compasses 
and radio communication systems. according 
to their characteristics, these sensors mounted 
in the survey towers are allocated. To monitor 
the 3-D position of immersed element, GPs 
antenna and prism are fixed on the top of tower. 
Compass and Mru are both installed at the 
bottom of survey towers for attitude monitoring 
and element orientation. a radio communication 
system is installed on the top of survey tower 
for logging and transferring of the data from 
different sensors to the control center. To 
ensure high-accuracy positioning, GPs rTK 
reference station and two total stations are set 
at the control points onshore, meanwhile, the 
real-time positioning solution from them are also 
transmitted to the control center by radio. The 
position information is received by the control 

center with a receiving radio, and is used for 
displaying the status of immersed element by 
data processing.

secondly, the data processing method for 
the precise pointing is systematically studied. 
In order to fulfill the calculation of immersed-
element position, the element coordinate 
system is defined firstly. Then, the quality 
controls of these observation factors are carried 
out. With above works and the relationships 
of different coordinate systems, the model 
for homing calculation and determination of 
connection point coordinates of immersed 
element in project coordinate system is  put 
forward. for the two positioning systems, the 
method of cross-checking and fusion of the 
positioning results out of two systems is studied, 
in order to ensure the accuracy of immersed-
element positioning solution and the output of 
a final positioning solution. Finally, a completed 
data processing procedure for calculating 
coordinates of connection points is proposed.

finally, application of the synthetic 
positioning system and data processing method 
presented in this paper in a simulation experiment 
and the Zhoutouzui Cross river immersed 
Tunnel project is introduced, with a positioning 
accuracy of less than 3 cm in horizontal and 
vertical directions achieved for the immersed 
elements. from both the experiment and the 
actual application it is shown that the system is 
reliable and the data processing method used in 
the system is correct.

KeYWorDs: immersed tunnel element installation; GPs rTK;total station; multi-sensor data fusion.
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Design Changes during Construction of the Coatzacoalcos 
Immersed Tunnel

P. H. M. barten
Tunnel Engineering Consultants, Amersfoort, The Netherlands.

1 inTroDuCTion

an immersed tunnel is currently under 
construction to directly connect the towns of 
Coatzacoalcos and allende.

The contractor for the work is Constructora 
Tunel de Coatzacoalcos (CTC) a joint venture 
of fCC from spain and the Mexican contractors 
impulsa and oPC. The marine works (dredging, 
transport and immersion operation) have been 
carried out by a joint venture of boskalis and 
Volker Construction international.

on behalf of CTC TeC (Tunnel engineering 
Consultants), a joint venture of royal Haskoning 
DHV and Witteveen+bos prepared in 2007 and 
2008 the detailed design for the immersed 
tunnel.

The production of the tunnel elements 
started in 2008 and was finished in 2011. Due 
to weather and current conditions transport 
and immersion of the tunnel elements was only 
possible during spring and summer (March - 
august). in 2012 this immersion season was 
missed, but in the first half of 2013 all five tunnel 
elements of 138 m each have been successfully 
immersed.

after the immersion a waiting period (initial 
settlement period) of about half a year has 
started. Construction of the closure joint and 
finishing of the immersion joint is scheduled for 
the beginning of 2014. 

Due to unforeseen problems and delays 
during the construction period there have been 
several design changes and checks to optimize 
or adapt the construction for the changed time 
schedule and to cope with the problems. The 
most important items which are addressed in 
the paper are:

•	 poor soil conditions in the casting basin and 
extended construction time caused settle-
ments of the segments during casting. This 
resulted in an unknown bottom geometry of 
the elements;

•	  the incorporation of crack inducers in the 
outer walls of the tunnel segments to cope 
with shrinkage cracks;

•	  partial preload of the tunnel elements just 
after immersion and prior to finishing of the 
immersion joints to avoid overloading of the 
shear keys in these joints;

•	  the installation of an `immersion joint` (Gina 
gasket) in the casting basin;

•	  an alternative foundation with grout bags in-
stead of a gravel bed for the tunnel part in 
the embankment;

•	 ship traffic restrictions just after immersion 
and prior to installation of the locking fill; and

•	 interfaces with the installations.

KeYWorDs: immersed Tunnel, Design changes, Gina gasket, Crack inducers, foundation.
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1 inTroDuCTion

The Marieholm tunnel is a new immersed tunnel 
in Gothenburg, sweden. The immersed section 
is 500 m long with three traffic lanes in each 
direction. 

The challenge of this project is construction 
in the city with restriction on river transport. 
Down streams the existing Tingstad tunnel 
imposes a limited depth clearance and the old 
Göta river bridge limits transportation width. 
This bridge will be reconstructed at the same 
time as the tunnel is to be built. upstream, a new 
railway bridge, south Marieholm bridge, will be 
constructed just prior to tunnel construction. 

of concern for the construction is the 
limited space, difficult transport logistics and 
soil conditions with a 100 m soft clay layer 
making deep excavations difficult. The paper 
describes construction methods including pre-
fab elements transported to site and full element 
cast at site. 

in the permanent situation the design 
challenges are the tunnel foundation on thick soft 
clay and the geometrical design of the tunnel; to 
fit within the requirement for road alignment and 
the depth clearance for the ship traffic. 

The development of the owners design has 
been done in cooperation between the owner – 
The swedish Transport administration, and their 
consultant - CoWi. The successful collaborative 
planning process is discussed.

figure 1. Marieholm Tummel seen from the east.

2 ConClusion

The tender work is currently ongoing with a 
number of national and international contractors, 
which marks a milestone in the 5 years of 
project development. a complex process with 
a new infrastructure element in an already built 
up environment with construction works going 
on all around the new tunnel. The owner and 
Consultant have together found a feasible way of 
overcoming the physical and logistic challenges 
of the project and thereby guiding the Turnkey 
contractors towards a possible solution. We 
believe this way of developing the project and 
assisting the contractors in their bidding process 
will prove to be beneficial for all parties.

KeYWorDs: immersed tunnel, construction methods, congested city, planning.
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1 inTroDuCTion

The Coatzacoalcos tunnel in the Mexican state 
of Veracruz is the first concrete immersed tunnel 
constructed in latin america. The roadway 
tunnel has a length of 1,200 m and links the 
city of Coatzacoalcos with the city of allende. 
The immersed section is constructed out of five 
concrete tunnel elements of 138 m each and 
every tunnel element consists of six segments, 
except the last tunnel element which has seven. 

This paper outlines the immersion operation 
process, examines the effects and consequences 
of the design changes, bottom surveys, and 
working in a tropical climate but above all, 
recognizes the successful cooperation between 
all parties involved. The parties agreed on three 
project goals before the project: safety; the 
position of the tunnel elements after immersion 
and minimal disturbance of the port. This paper 
explains how these goals were achieved. 

it is written from the perspective of the 
specialized marine joint venture (MJV) between 
Volker Construction international and Dragamex 
and contents of the report include:

•	 stages and activities of the immersion op-
eration process

•	 early design changes and the associated 
consequences of: the decision to make Tun-
nel element 1 part of the cut and cover, the 
arrangement of the construction location 
and the construction principle of tunnel seg-
ment 6.7 

•	 key aspects of the immersion operation in-
cluding survey and monitoring of the tropical 
river, weight analysis, bottom survey of the 
tunnel elements, installation of gravel bed as 
a counter mold of the tunnel element bottom, 
work method gravel bed in two layers and 
silt removal method.

•	 design and construction changes during the 
immersion preparation stage: deviations 
in end frames, additional bottom safety for 
passing ships and foundation of secondary 
end Te6.

•	 The innovative immersion catamaran system 

2 ConClusion

The three goals that were set prior to the 
immersion operation were achieved; this 
complex project illustrates that innovative 
solutions can be achieved and implemented 
if the main contractor, the designer and the 
specialist subcontractors are all involved early 
in the process and all are willing to cooperate.

figure 1. Multibeam survey showing Te2 + gravelbed Te3

figure 2. immersion Catamaran system

KeYWorDs: immersion, river survey, tunnel element bottom survey, gravel bed installation
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The 2nd Coentunnel - Design requirements from construction 
and service life risks

r.W.M.G. Heijmans and C. van der Vliet
Arcadis Netherlands, Amersfoort, The Netherlands.

f. Deurinck
Besix, Brussels, Belgium

The 2nd Coentunnel has to solve the traffic 
congestion around the Dutch capital. The 
project consists of the design and construction 
of an immersed tunnel under the north sea 
Canal, the upgrading of the connecting highway 
structure and maintenance of the assets for 30 
years.

The design of an immersed tunnel is strongly 
characterised by the construction method, the 
transport by sea and the shallow depth. The new 
tunnel has been immersed at a close distance to 
the existing Coentunnel (figure 1). in order to 
manage the risks involved, specific precaution 
measures have been taken to protect the 
existing tunnel. 

figure 1. Typical cross section, showing the small distance 
between the new and the existing tunnel.

The final foundation has been made by 
means of the sandflow method. In order to 
optimise the structural behaviour due to the 
poor support conditions, the tunnel elements 
have been prepared to settle on the river bed 
like the shackles of a chain. During the analysis 
of the structural behaviour of this ‘chain’ it was 
found that the temperature variations influenced 
the forces in the tunnel significantly (Figure 2).

figure 2. normal force effects shear forces and bending 
moments due to eccentric contact.

The tunnel structure has been prepared to 
take the loading of a sunken ship and the impact 
of a dropped anchor (figure 3).

figure 3. Displacements, force distribution and support 
reactions due to a sunken ship.

The paper covers the general principle of an 
immersed tunnel, the design requirements from 
construction method and maritime risks and the 
protection of the existing tunnel.

KeYWorDs: immersed tube tunnel, design, construction, risks.
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Experience Gained at New Subway Line U5, Berlin – Presentation 
of the Stations

M. Weizenegger
SSF Ingenieure AG, Munich, Germany.

P. erdmann
Amberg Engineering AG, Regensdorf-Watt, Switzerland.

J. schmeiser
ISP ZT GmbH, Vienna, Austria

1 inTroDuCTion

The existing u5 underground line in berlin 
currently ends at alexanderplatz station in berlin-
Mitte. it is planned to close a gap of approximately 
2.2 km in the section between the existing tunnels 
at berliner rathaus and brandenburger Tor 
station. The line is set to run through downtown 
from the new berliner rathaus station to be built 
below the spree, underneath the future berliner 
schloss (berlin Palace) and the spree Canal, 
and along unter den linden to brandenburger 
Tor. The line includes three new stations 
(berliner rathaus, Museumsinsel and unter den 
linden). Two parallel tunnels each approximately 
1.6 km long are to be built using a slurry pressure 
balanced TbM.

Design and execution of the 3 stations hold 
due to geology and surrounding major technical 
and other challenges. The groundwater level 
lies on average 3 m below the terrain’s upper 
surface. Thick sand and melt-water sediments 
form a continuous and productive aquifer in the 
inspected area and its surroundings. Thus, pits 
have to be sealed against groundwater. The 
sealing of the pits consists of diaphragm walls in 
combination with low-lying buoyancy-proof jet-
grouting soles in a depth of up to 45 m.

at the station Museumsinsel the platform 
tunnel lies underneath a river resp. channel and 
underneath an existing building. excavation of 
the platform tunnel is planned to be executed in 
naTM, protected by a sealing ice body of frozen 
soil around the cross section with little coverage 
to the river and a length of approx. 110 m. 
Directional micro-drillings will be used for the 

soil freezing tubes with a length of up to 105 m. 
brine will serve as freezing agent for this longer 
lasting protection.

To avoid influence on the adjacent – 
partially historic and thus sensitive – structures 
along the stations, measures to avoid or 
reduce settlements have been designed, e. 
g. compensation grouting method. Therefore, 
separate shafts have to be installed, from where 
the drillings with a length up to 40 m, equipped 
with tubes-à-manchette, have to be started. by 
targeted grout injection, the soil is broken up 
and pre-tensioned. Controlled multiple grouting 
operations, with electronic uplift monitoring of 
the buildings compensate for settlement.

To achieve acceptance for this major project 
in the city-center, public relation measures were 
initialized. brochures, info-terminals and well-
designed hoardings showing the history of the 
project and the actual stage inform residents 
and tourists. some look-outs give spectacular 
view into the different sites.

Construction work started in april 2012.

2 ConClusion

This project in the city-center of berlin holds 
several technical and other challenges. it 
shows how technical problems can be elegantly 
solved with sophisticated technical solutions 
and also, how public’s interest and acceptance 
can be gained by accompanying public relation 
measures. 

KeYWorDs: directional drilling, soil-freezing method, jet-grouting, buoyancy, diaphragm wall
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Arch shaped cut-and-cover tunnels on the new “Pedemontana 
Lombarda” motorway

G. lunardi
Rocksoil SpA, Milan, Italy

M. Gatti
Rocksoil Spa, Milan, Italy

an innovative prefabrication method has been 
successfully employed for the construction 
of arch-shaped cut and cover tunnels on the 
new “Pedemontana lombarda” motorway. The 
tunnels consist of prefabricated components,  
a top vault and two sidewalls, resting on a 
cast-in-place invert. This solution has been 
employed with span widths varying from 14 m 
to 19 m and overburdens from a minimum of 1 
m up to 8-9 m. The shape effect given by the 
curved geometry of the construction elements 
increases the static capacities of the structure, 
allowing it to support heavy loads (i.e. significant 
overburdens), while continuing to adopt the 
usual prefabricated cross sections in reinforced 
concrete. Two solutions were employed, 
according to the layout of the two carriageways. 
Wherever the inner distance between the two 
carriageways required maintaining a significant 
diaphragm between them (at least around 3 
m), a “twin tunnels” solution was used, creating 
two separate tunnels; when the distance was 
limited, an “adjacent tunnels” system with a 
shared central pillar was implemented (figure 
1). for the top vault precast-element a double 
T-section curved frame was used having wing 
124 cm wide (variable in thickness from 8 to 
15 cm) and height equal to 100, 120 and 150 
cm, according to the overburdens, with a 15 
cm core. a “pi-greek” section geometry was 
chosen for sidewalls elements, 249 cm in length 
and 130 cm in height, with two cores – from 
23 to 27 cm thick – attached to a wing 16 cm 
thick. finally, the structural outline requires an 
invert, cast-in place with reinforced concrete, 
120 cm thick. The structural continuity between 

sidewalls base and the invert (joint constraint) 
provides an overall structural stiffness, while a 
pin constraint was chosen for the vault-sidewall 
node, capable of absorbing any rotation of the 
covering element at the support. Particular 
attention was paid to the backfilling stages, in 
order to define the geotechnical properties of 
the soil used for lateral and top backfilling; the 
lateral material should be considered an integral 
part of the resistant “structural system”, as it 
exerts the horizontal confinement necessary for 
the static effectiveness of the structure. on site 
“PlT” tests were carried out on trial-stretch, to 
determine the deformability parameters of the 
materials and the horizontal reaction modulus.

figure 1. Cut and cover tunnels – Typical layout

The high percentage of prefabrication 
adopted maintained high production rates (12 
m cast-in-place invert, 8 sidewall and 16 vault 
elements, each day) and also the use of high 
visual quality prefabricated concrete. The 
results of the load tests, confirmed the static 
efficiency of the structures due to the limited 
displacements monitored.

KEYWORDS: prefabrication, cut and cover tunnel, lining, backfilling.
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Floating Construction of an immersed tunnel – 
Söderströmstunnel

J. Glückert
Züblin Ground Engineering, Stuttgart, Germany

C. Johansson 
COWI A/S, Lyngby, Denmark

s. s. odgaard
COWI A/S, Lyngby, Denmark.

1 inTroDuCTion

The immersed tunnel “söderströmstunnel” 
located in stockholm is under completion. The 
three tunnel elements were constructed with 
an outer steel shell, transported from Tallinn 
to Sweden on a barge. After offloading the 
steel shell, concrete was cast while still in a 
floating condition. This paper will describe the 
methods and challenges of the concrete casting 
procedure and the special design of the final 
movement joint. 

The relative low rigidity of the 107 m long 
steel shells also created challenges to ensure 
the element shape remained within the 
tolerances. To measure the actual the shape, 
complex methods were used. The paper will 
describe both the conditions to be achieved 
to ensure proper fit between elements and 
to ensure the connection of continuous post 
tensioning tendons would be possible.

The statically system of the tunnel during 
temporary and permanent phases demanded 
tight control of the weight distribution to avoid 
overloading of both tunnel and pile supports. 

both post-tensioning and normal 
reinforcement will be connected across the 
immersion joints. 

in order to concentrate movements of 
the railway in one location a Joint House is 
constructed. The immersed tunnel is fit into this 
Joint house and movement is a combination of a 
yearly temperature movement of ± 25 mm and a 
longterm contraction of 60 – 80 mm. The tunnel 
does not have a traditional closing joint. initially 

the last element is temporary sealed within the 
joint house with a system of hydraulic operated 
seal at 20 m water depth. 

figure 1. 3D model of actual positions of post- tensioning 
ducts, with tendon radius best fitted.

2 ConClusion

The detailed design, construction and technical 
follow up process has now been ongoing for 
more than 5 years. The initial construction 
concept has been kept and been shown to be a 
feasible solution. The choice to cast the tunnel 
in floating condition, including the bottom slab, 
has been challenging due to the low stiffness of 
the steel shell. 

The choice of longitudinal post tensioning 
system has shown to work as planned, the high 
construction quality has shown to been essential 
to be able to keep the tendon alignment within 
the required tolerances

The concept to use the joint house as the 
closing joint has been a success. The seal 
system worked as planned. 

KEYWORDS: Immersed tunnel, floating casting, composite tunnel.
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The Seismic Behaviour of lining in Cut and Cover Tunnel 
considering characteristic of backfill material  

n.Y. Kim and Y.s. Park
Korea Expressway Corporation, Korea.

s.C. baek
Andong National University, Korea.

K.K. ahn
Chungbuk National University, Korea.

KeYWorDs: Geotechnical rearch Team, Korea expressway Corporation, Korea

1 inTroDuCTion

The seismic behaviour characteristics for the 
application of the Corrugated steel Plate lining 
in cut-and-cover tunnel are evaluated as several 
conditions for the backfill height, the cutting 
slope, and the relative density of backfill soil 
are changed. The compressive stress which 
is calculated in the Corrugated steel Plate 
lining by the seismic load is decreased as 
the backfill height increases and the cut slope 
grows gentle. also, the moment shows the 
tendency of decrease according to the increase 

of the backfill height.  But in the case of the 
relative density of the backfill soil is small, the 
moment increases according to the increase 
of the backfill height and affects the dynamic 
behaviour characteristic.  so it is considered 
that the relative density of the backfill soil is also 
the important point. as the result in analyzing 
the seismic response characteristics of the 
reinforcement spacing of the Corrugated steel 
Plate, the variation in the compressive force is 
hardly happened, but the moment and the shear 
force increase on the reinforcement spacing 
being narrow.
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Innovative Approach for Construction of Urban Cut and Cover 
Structures and Tunnels

D. Kirkland, a. P. flatley, b. Kelly, r. Halawa, e. rizkalla 
Kenaidan Contracting Ltd, Mississauga, Ontario, Canada.

1 inTroDuCTion

The cut and cover method is frequently used for 
construction of underground structures in urban 
areas for expanding infrastructure, building 
underground utility or transit corridors, parking 
and storage spaces, municipal service plants or 
industrial-commercial facilities etc. 

The method often requires innovative 
solutions to overcome challenges of difficult 
geotechnical conditions, constraints from 
the built environment and restrictions due to 
operating public utilities, traffic systems, and 
minimizing the disturbance of busy life of the city 
on the surface.

The authors are experienced in underground 
construction, working on numerous projects 
involving cut and cover structures and tunnels 
in Toronto and the cities of the Golden 
Horseshoe along lake ontario, Canada. Those 
projects include transit tunnels, stations and 
underground railway corridors, parking facilities, 
TbM launching shafts, underground reservoirs, 
water and waste-water handling and treatment 
facilities.

The basic procedures of cut and cover 
construction are discussed first, definitions, 
concepts and various types of cut and cover 
methods are briefly presented.  

after that, by introducing a number of 
case studies about challenging conditions and 
innovative solutions related to cut and cover 
projects built in urban environment, the authors 
provide interesting logistics and technical 
details. The presentation will be illustrated by 
pictures of the actual construction sites. 

some of those innovative methods, 
techniques and logistics are getting well-proven 
typical solutions for certain conditions and 
environments. 

However, there are many unique solutions, 
which require the resourcefulness and creativity 
of the project team, designers, consultants, 
contractors and sub-contractors. 

2 ConClusion

in the conclusion the authors underline the 
importance of the thorough risk analysis and 
pre-planning, the selection and introduction of 
new and innovative techniques and methods 
with collaboration of all the stakeholders, to 
achieve successful cut and cover projects in 
challenging urban environment.

KeYWorDs: cut and cover method, challenges in urban environment, innovative solutions
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Kombilösung Karlsruhe: A technical and logistical challenge

u. Konrath
Karlsruher Schieneninfrastruktur-Gesellschaft mbH (KASIG), Karlsruhe, Germany

f. nenninger
Karlsruher Schieneninfrastruktur-Gesellschaft mbH (KASIG), Karlsruhe, Germany
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Smoltczyk & Partner, Geotechnik, Stuttgart, Germany

M. feneberg
Boley Geotechnik Consulting Engineers, Munich, Germany

1 inTroDuCTion

Karlsruhe’s state-of-the-art hybrid tram-train 
system enables passengers to travel free of 
connections from the greater area directly into 
the heart of the city. This is possible due to 
special tram-trains using the tram tracks on the 
one hand, and using the alternating current of 
the Deutsche bahn rail network on the other.

However, this convenience comes at a 
cost: the tram-trains travel down Kaiserstraße, 
a shopping boulevard in the city, at a rate of 
one per minute. This figure is set to increase, 
as passenger numbers are rising. in 1997, 
Karlsruhe’s light-rail system operator, Karlsruher 
Verkehrsverbund (KVV), transported 123.6 
million people. by 2012, this number increased 
by 55 million to 178 million, which is the driving 
force behind the city’s project: a rail tunnel with 
a branch tunnel for south-bound lines, and 
a landscaped tram line built on top of a road 
tunnel which will run underneath Kriegsstraße.

According to the figures from September 
2011, the total costs for the project will be € 
640 million. Karlsruher schieneninfrastruktur- 
Gesellschaft (KasiG), a company established 
for the purpose of carrying out this project, will 
be responsible for the remaining costs.

The project consists of two tunnels forming 
a T-shape in the city centre: a 2.4 km tunnel 
along Kaiserstraße in east west direction and 
a 1 km tunnel between the city center and the 
main station in north south direction, which will 
be completed by 2018.

 

 

figure 1. Plan view of the construction sites in the inner city 
of Karlsruhe.

Part and parcel of this project is the 
construction of a 1.4 km road tunnel beneath 
Kriegsstraße, one of the main thoroughfares for 
road traffic through the city centre, and therefore 
the relocation of the road traffic below ground. 
The street can then be rebuilt with the addition 
of a segregated double track tram alignment.

2 ConClusion

seven new underground stations will be built 
by cut and cover methods. TbM will be used 
to drive the tunnels between the stations in 
Kaiserstraße. The southern branch of the tunnel 
will be built using compressed air by naTM, and 
cut and cover sections.

KeYWorDs: inner city MrT system, 7 stations, 1 TbM, 1 naTM, 3 cut and cover tunnels
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Bi-layer diaphragm walls: Theoretical and experimental 
analysis of debonding risk
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1 inTroDuCTion

The bi-layer diaphragm walls, presented in this 
work, are made of two layers: the first one, a 
conventional concrete diaphragm wall, and the 
second one, a steel fibre reinforced concrete 
layer sprayed over the first one. A main 
objective of the research project is to maximize 
the functions of the second layer, assigning 
simultaneously a structural and a waterproof 
responsibility. The objectives of the present 
paper are: (a) evaluate the shear stresses 
between layers produced in experimental walls 
and; (b) analyze the influence of rheological 
factors (shrinkage and creep) in the time-related 
behaviour of the elements.

2 MeTHoDoloGY

The bond verification consisted of evaluating 
that the stresses produced by the actions were 
smaller than the shear strength provided by 
the bond for all the positions and ages of an 
experimental bi-layer diaphragm wall.

The stresses were calculated for the 
experimental W35 wall reported in (segura-
Castillo, aguado & Josa 2013). assumptions 
were taken to predict shrinkage and creep and 
its associated stresses. The shear strength was 
obtained from (segura-Castillo & aguado de 
Cea 2012).

figure 1. Design value and design limit value of the shear 
stress in the interface

3 resulTs & ConClusions

The central results are shown in fig. 1. The 
values of the shear stresses produced by the 
actions ( Eν ) were significantly smaller than 
the shear strength of the bond ( Rν ), with 
an approximate safety factor of 4 during the 
construction period

in addition, it was seen that the stresses 
produced by differential shrinkage ( sh

Eν ) are an 
order of magnitude larger than the produced by 
mechanical stresses ( m

Eν ).
in future works, to complete the debonding 

analysis in bi-layer diaphragm walls, it is 
necessary to consider the tensile stresses 
across the interface, and analyse the cracking 
of the second layer.
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On developing an innovative, self-supported, cut&cover 
structure for the Brooklin station of the Sao Paulo Metro

s. stefanizzi, D. Mitrugno, V. floria, G. Pradella, a. fernandez Garcia and P. Grasso
Geodata Engineering S.p.A, Torino, Italy.

1 inTroDuCTion

The sao Paulo Metro line 5 involves different 
typical construction methods for the stations: 
cut&cover, mined underground stations 
excavated with the naTM, multi-secant large 
diameter shafts. in the paper the authors focus on 
the evolution of the design-construction solution 
for the brooklin station. special constraints at 
this station (polluted multilevel aquifers due to 
the presence of the novartis factory located near 
the station, reduced spaces for the construction 
site, interferences on the surface) challenged 
the designer to find a reliable solution, 
compatible with the tight construction schedule. 
The preliminary design of the station, based on 
numerical 2D and 3D analysis and on a rigorous 
risk analysis demonstrated that the risks related 
to the propagation of the polluted area and of 
the potential damage to the buildings are not 
acceptable. The complexity of the geology 
of the são Paulo region and its stratigraphic 
variability doesn’t assure that there will be no 
communication between different groundwater 
levels of sand, so a selective drainage only at 
the deep levels cannot be considered enough 
safe. after the results of the risk analysis the 
designer was obliged to find an alternative 
solution. The proposed solution, substituting 
the plastic diaphragm wall with a structural 
wall in steel reinforced concrete, executed with 
hydromill, ensures the water-tightness of the 
station and the reduction of the settlements on 
the surface, guarantying a good execution.

according to the instrumentation data, the 
overall behavior of the structures was coherent 
with the expectations, providing a high level of 
safety of the works.

 

2 ConClusion

The reliable self-supported cut&cover solution 
presented, guarantees a total control of 
deformations and of the stability, minimizing 
the interferences with and the impact on the 
surface and reducing the constraints of the 
execution sequence. The advantages in terms 
of cost-saving, reduction of the construction 
time, control of settlements and construction 
simplicity have been clearly demonstrated also 
in comparison with the results of the construction 
for other stations in the same line.

KeYWorDs: Multi-secant large diameter shaft, self-supported cut&cover, brooklin station.
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The immersed tunnel as fixed link – A successful alternative 
pushed by innovations

J.C.W.M. de Wit, e. van Putten
Tunnel Engineering Consultants, Amersfoort, The Netherlands

1 inTroDuCTion

The rapid expansion of global economy 
has increased the need for a good quality 
(international) transport network. natural 
boundaries and obstructions such as sea 
straits, large estuaries and in land water ways 
can increase costs and time for transportation. 
In many cases the realization of a fixed link can 
improve the conditions for transport and relieve 
the existing road network.  

When crossing water ways the most 
apparent options seem to be a bridge or a 
bored tunnel, often simply from a perspective 
of being most familiar with them. However, 
undeniably the immersed tunnel is a tunnel 
technique sometimes underestimated that can 
provide economic, high quality and competitive 
solutions to cross water ways. especially when 
crossing water ways in an urban environment 
or when high air clearance of deep navigation 
channels are required, like in main ports.   The 
last decade new developments and innovations 
have stretched the limits for the immersed 
tunnel as a competitive alternative for large fixed 
links. The Øresund link between Denmark and 
sweden gave the immersed tunnel technique 
the first boost towards revival, rapidly followed 
by other major links in which the immersed 
tunnel technique is applied on a large scale. 
The last impressive example is the fehmernbelt 
link, the link between Denmark and Germany 
comprising an immersed tunnel of almost 19 km. 

in this paper the pros and cons of immersed 
tunnels are discussed and explanations are 

given for the fact that an immersed tunnel can 
be competitive to a long span bridge in many 
fixed link projects. Some striking examples are 
briefly described to illustrate the above and the 
potentials of the immersed tunnel for major 
strait crossings and an insight is given in recent 
innovations in these projects. 

2 ConClusion

immersed tunnel do not suit every situation. 
However, if there is water available to cross or to 
use as a transport medium they usually present 
a feasible alternative to bridges or bored tunnels 
at a competitive price.

figure 1. Comparison link options.

KEYWORDS: immersed tunnel, fixed link, strait crossing, innovation.
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Tunnel immersion underneath a historic monument and the 
river IJ, Amsterdam North-South line

P.T. van Westendorp, D. de Groot, M. reijm
Strukton Immersion Projects, Utrecht, The Netherlands.

1  inTroDuCTion

in amsterdam a metro line is being build from 
north to south. Part of the metro line is realized 
using immersion techniques. 

Part of the immersion is done underneath 
the historic building of amsterdam Central 
station (see figure 1). To make this possible 
the station building, the 15 railway tracks and 6 
platforms had to be given a new foundation and 
a bridge construction was necessary to create 
the immersion trench. 

especially the lack of space and high risks 
forced the immersion team to several innovative 
solutions. for example a phased water lowering 
in the cofferdammed immersion trench, 
minimized height of the immersion pontoon 
and its equipment and adjusted positioning and 
survey systems.

figure 1. Transport Cs-element to trench.

The other immersed part of the tunnel is 
situated in the river iJ, a waterway frequently 
used for commercial shipping, large cruise ships 
visiting amsterdam and recreational boating. 
Due to heavy shipping traffic closure of the river 
was restricted to a maximum of 24 hours. 

Challenge for this part was the curvature 
of the tunnel elements in both horizontal and 
vertical direction causing variations of loads and 
movements during immersion.

for supporting the tunnel elements after 
immersion a newly developed primary support 
system was used. The hydraulic pulling jacks 
which are used for the initial connection of the 
immersed tunnel elements were incorporated in 
this primary support.

2 ConClusion

The special circumstances either technical and 
social forced the immersion team to be creative 
and use several innovative solutions. 

Where the passage of the river iJ led mostly 
to optimizations in the auxiliary constructions 
needed for immersion, was the passage with 
the Central station one of the most challenging 
parts. all operations were performed with high 
safety standards and detailed process control 
to decrease the risk of failure. The immersions 
were carried out successfully in July 2011 for 
the tunnel element under amsterdam Central 
station and september/october 2012 for the 
tunnel elements crossing the river iJ.

KeYWorDs: immersed tunnel, amsterdam, metro line, historic building.
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MOSE project Italy, Immersion of the Chioggia Flood Barrier 
Caissons

P.T. van Westendorp, o. Koster, M. reijm
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1  inTroDuCTion

The Mose Project is a system of mobile barriers 
which will protect Venice and the lagoon from 
ever more frequent and intensive flooding. The 
Chioggia inlet is one of the three gaps between 
the sea and the lagoon where this barriers will 
be installed. 

The barrier of the Chioggia inlet consists of 
eight caissons, among which are two shoulder 
caissons and six gate caissons. after placing, 
the shoulder caissons (24x61x24,5 m) will 
remain partly above water, the gate caissons 
are installed completely underwater. Due 
to the nature of the activities and the many 
interfaces within the floatation, transport and 
placing process, the dynamic behaviour of 
the immersion system and the loads on al the 
systems are being tested in a basins by using a 
scale (1:35) model.

The caissons (60x45x11,5m) are build in 
a dry dock close to the trench. a sheet pile 
wall will form the trench in which the caissons 
shall be installed. after the fabrication of the 
caissons is complete, the dry dock is flooded 
and the embankment is dredged open. one by 
one, the caissons are floated and towed into 
position above the trench. using a purpose build 
immersion pontoon here they will be placed on 
its final position. With only a tolerance of +/- 10 
mm they will be installed on temporary jack and 
with grouting a final foundation will be created.

fig.1 cross section gate caisson

2 ConClusion

The Mose project is a exceptional project for a 
very delicate environment. “When completed, it 
will safeguard Venice and the villages located 
within the Venetian Lagoon from flooding, and 
prevent the further rise of the sea level.” 

at this moment the project is in a crucial 
phase, at all the inlets the contractors are 
preparing or commencing the immersion works. 
After finishing this phase and with the next step 
the installation of the gates the completion of 
this mega project is getting close.   

KeYWorDs: Mose Project, immersion, flood barrier.
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Söderströmtunnel: immersion in downtown Stockholm, Sweden
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1  inTroDuCTion

The söderströmstunneln is one of the most 
challenging parts of the new Citybanan, a 6 
km long railway tunnel crossing the centre of 
stockholm. Major parts of this underground link 
can be executed using the common drill and blast 
method. That is not applicable to the 450m long 
söderströmstunnel crossing the söderström, 
connecting the islands riddarholmen and 
södermalm.

The immersed tunnel comprises three 
prefabricated elements of about 100m length. 
since the soft subsoil does not allow the bedding 
directly on the seabed the tunnel will be founded 
on four piled and one raft foundation. once the 
construction is completed the tunnel will form 
an underwater bridge with a loose end in the 
so called joint house and a fixed restraint at the 
other end formed by massive rock anchoring. 

unique in the immersion operation is the 
use of external temporary jack supports on the 
piled and raft foundations and sliding plates 
underneath the tunnel elements, to support and 
slide the elements to their final position. Other 
aspects are the temporary underwater parking 
of Te1 partly inside the riddarholmen abutment 
in the so called joint house, to create space for 
the immersion operation of the centre element.

figure 1. immersion pontoon principle

for the immersion operations, two different 
immersion pontoon configurations were used. 
The immersion pontoon used for the first 
tunnel element Te3 was much smaller than the 
pontoon used for Te1 and Te2. 

2 ConClusion

Part of the new Citybanan metroline in stockholm 
has been constructed using the immersed 
tunneling method. unique circumstances, 
both technical and organizational resulted in a 
creative, and most of all low risk approach. High 
safety standards and innovative solutions for 
supporting, connecting and constructing these 
tunnel elements led to a successful immersion 
from april to september 2013.  

KeYWorDs: immersed tunnel, stockholm, söderströmstunneln, metro line.
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Experimental Research and Numerical Analysis on the Tunnel 
Element Mooring for the Hong Kong - Zhuhai - Macao Bridge

W. lv
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Z. Ying, l. su and M. lin and Z. Dong
CCCC Fourth Harbor Engineering Institute Co., Ltd., Guangzhou, China.

1 inTroDuCTion

an immersed tunnel consists of one or more 
prefabricated tunnel elements that are floated to 
the site, installed one by one, and connected to 
one another under water. building an undersea 
immersed tunnel is generally a super-large 
and challenging project that involves many key 
engineering techniques, such as transporting, 
mooring and immersing, underwater jointing of 
elements, waterproofing et al (Molenaar, V.L. 
1993).   

The Hong Kong-Zhuhai-Macao bridge, 
being situated at the waters of lingdingyang of 
Pearl river estuary in China, is a mega-size sea 
crossing project linking Hong Kong, the city of 
Zhuhai and Macau. When the tunnel element is 
towed to the immersion site, it must be moored 
in the waters. This stage might last for a long 
period of time to wait for proper conditions for 
sinking. Then the tunnel element mooring will 
become a challenging work due to the adverse 
sea conditions.

The aim of the present study is to investigate 
the mooring line tensions and motion of the 
tunnel elements during mooring through scale 
model tests and computer simulations, and then 
give the operational limits of the tunnel element 
mooring.

During the process of tunnel element 
mooring, a tunnel element is mainly subject 
to the effect of current and wave. The line 
tensions of tunnel element at different current 
velocities are shown in figure 1, in which the 
water depth is 45m, the wave height is 0.8m, 

the wave period is 6s, the wind velocity is 
13.8m/s, and the incident angle of wind, wave 
and current is 90°.

figure 1. Mooring force vs Current velocity

2 ConClusion

The key hydrodynamic parameters were 
obtained by model experiments, and then they 
were input into numerical models to analysis 
the mooring force and motion of the tunnel 
elements. 

The possible meteorological and 
hydrological parameters for operations of the 
tunnel construction are designated by statistical 
analysis. Then the operational limit condition for 
element mooring was determined by numerical 
simulations based on the adopted techniques 
and equipments.

KeYWorDs: immersed tunnel, Model test, numerical simulation, Mooring, operational limits



INNOVATIONS IN MATERIALS





Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

223 

Fibre reinforced precast concrete segments: design and 
applications

a. de la fuente a., l. lin, s.H.P. Cavalaro and a. aguado de C.
Universitat Politècnica de Catalunya, Barcelona, Spain.

1 inTroDuCTion

More than forty real applications of the use of 
PfrCs in tunnels and shafts constructed or 
under construction all over the world prove that 
this material is of great interest in this field. 

in this sense, this paper presents a 
design procedure which allows obtaining the 
mechanical requirements of the fibers. To 
achieve this goal, firstly, the bases of the design 
philosophy are presented. finally, the proposed 
design procedure is applied for the design of 
the PfrCss conceived to support three vertical 
shafts which are expected to be constructed 
during the 2014 in barcelona.

in any situation, the response of the precast 
segment must be ductile in situation of failure 
(see figure 1). This sort of response is achieved 
if a total minimum amount of reinforcement 
(AT,min) is provided, being AT the total amount of 
reinforcement (sum of the amount of steel bars, 
As, and the amount of fibre reinforcement, Af).
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it was concluded that with an amount of 
50 kg/m3, the rebars could be totally replaced 
maintaining the mechanical requirements.

2 ConClusions

fibres can substitute the total amount of 
reinforcing steel bars in those PfrCss 
subjected to moderate loads during service.

The method proposed can be used as a pre 
– design method to assess the amount of fibres 
Cf necessary to reach the design mechanical 
requirements.

KEYWORDS: design, fibers, numerical optimization, precast segment, support.
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Influence of composition parameters about characteristics 
tunnel lining concrete subjected to high temperatures

f. Kazi aoual-benslafa
Laboratory «LABMAT» ENP Oran; BP 1523 Oran El Menaouer 31000 Oran, Algeria
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b. Mekerta and a. semcha
Laboratory «LABMAT» ENP Oran; BP 1523 Oran El Menaouer 31000 Oran, Algeria

1  inTroDuCTion

The objective of this experimental work is to 
investigate the fire performance of concrete 
made with different aggregates. 

four concretes were made, three concretes 
(C2, C3 and C4) with dredged sediments 
(Ds) as partial substitution of the sand in their 
compositions and an ordinary concrete without 
dredged materials (C1). Concrete C3 contains 
the fines siliceous (FS) and concrete C4 
contains the FS and polypropylene fibres (PP 
fibres). 

The physical (weight loss and porosity) and 
mechanical (compressive strength)  properties 
were determined under normal conditions 
(20°C) and after heating to temperature of 
150°C, 350°C and 600°C. 

Mechanical tests in residual compressive 
strength after cooling (in air and in water) were 
performed. The results show that concrete C3 
has a compressive strength at 20°C higher than 
that of C1, C2 and C4. 

after heating we note the increase of the 
weight loss as a function of temperature for all 
concretes. The porosity of concretes C1, C2 
and C4 is higher than to concrete C3 for all 
temperatures.

The concrete C3 cooled in air has peak 
strength at 350°C more pronounced as the 
concretes C1, C2 and C4. The effects of high 
temperature on the residual compressive 
strengths of the concretes are more pronounced 
when the concrete is subjected to a thermal 
shock in water than in air. 

The figure 1 illustrates more clearly the 
meaning of the relative change in residual 
compressive strength, there is shown this 
change in comparative form.

figure 1. The residual compressive strength after cooling in 
air and in water 

2 ConClusion

The results of this study have enabled to make 
the following remarks: We note the beneficial 
use of Ds and fs at room temperature and PP 
fibers at high temperatures by increasing the 
porosity of C4 which approximates that of C1. 
This porosity facilitates the transport of moisture 
flux, reducing the establishment of internal 
pressures described by some authors as a 
factor of thermal instability of concrete.

KeYWorDs: Tunnel lining Concrete, Components, physical-mechanical characteristics, high 
temperatures.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

225 

An Overview of the Construction of Turkey’s Longest Road 
Tunnel Focusing on Ground Support Using Macro Synthetic 
Fibres as Shotcrete Reinforcement

P. Guner
Unitek Insaat San. Ve Tic. A.S., Istanbul,Turkiye.

H. a. eryigit
Mak-Yol Insaat San. Tic. Ve Tur. A.S., Istanbul,Turkiye.

a.sayin 
Turkish Ministry Of Transportation Highway Authority 10th Regional Management, Trabzon,Turkiye.

b. Kocak 
TTS International Engineering and Architecture, Istanbul, Turkiye.

1 inTroDuCTion

Mount ovit Tunnel (Turkish: Ovit Dağı Tüneli), 
is a highway tunnel under construction through 
Mount ovit which is 2600 m between İkizdere 
in the rize Province and İspir in the erzurum 
Province in north-eastern Turkey. When the 
project is completed the travel time between 
the south eastern province of Mardin and the 
black sea province of rize will drop to just 
4.5 The tunnel will enable the transport of 
crops and goods all year round between rize 
and erzurum. The current passage over the 
mountains is mostly closed during winters due 
to risk of avalanches and heavy snow.

Construction facilities and tunnel 
construction begun in october 2012 and with a 
length of 12,600 m in twin tubes, it will be the 
country’s longest road tunnel and at is expected 
to become the world’s 4th longest road tunnel.  
it is planned that the tunnel will be opened to 
traffic in 2015.

The tunnels are currently being excavated 
and supported utilizing the “new austrian 
Tunnelling Method” (naTM).  Tunnel primary 
support system has 6 different support 
categories according to the naTM classes and 
different ground conditions.  The initial lining was 
designed with steel mesh reinforced shotcrete 
and rock bolts in good ground conditions and in 
poor ground conditions with also the fault zones, 
lining has also supported with iPn steel ribs. 

There had been many difficulties caused 
by highly poor slope wash, many fault zones 
with high water content and difficult weather 
conditions, while 1000m excavation of the 
tunnels. These difficulties did not let to make 
a flash start and caused to fall behind the 
schedule. To increase the speed of twin tube 
tunnel excavation and provide a safety shotcrete 
lining application, macro synthetic frs was 
chosen to convert the steel mesh reinforcement. 
Significant trialing in May 2013 led to the change 
to high durable macro synthetic fibre to replace 
the mesh which has proven to show a much 
safer and more efficient form of ground support. 

The design of macro synthetic frs lining 
for different naTM support categories of ovit 
Tunnel has been carried out. frs performance 
tests have done by efnarc Plate test. The ground 
displacements and convergences have been 
measured where frs lining has applied and the 
various back analysis have done according to 
the displacements of the ground. 

2 ConClusion

according to the ovit Tunnel’s excavation 
records, laboratory and field tests, macro 
synthetic frs lining has been applied 
successfully. it has been experienced that, 
in good ground conditions, using of macro 
synthetic fiber reinforcement instead of steel 
mesh reinforcement in shotcrete lining has  
provided minimum 25% time saving. 

KEYWORDS: macro synthetic fiber, natm, shotcrete lining, excavation speed, deformations.
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grouting: results of laboratory tests
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1 inTroDuCTion

The injection of natural soil is one of the most 
used ground improvement technique for 
consolidation and waterproofing both in granular 
soils and in rock masses. The application field 
depends on the soil, the injection mixes and 
injection techniques. for what concerns the 
laboratory analysis of materials and procedures 
for injection, there are no normative references 
and often various researchers have developed 
tests based on procedures designed ex novo. 

The use of mixtures based on standard 
cements are  particularly effective in soils of high 
permeability, such as gravels and coarse sands, 
while the presence of less permeable soils, such 
as silts and fine sands, requires suspensions of 
ultrafine cements and/or chemical solutions.

The tests carried out on the micro-cement 
mixes are: March viscosity, bleeding and 
setting time, while on colloidal nano-silica 
are: gelling time assessment and dynamic 
viscosity assessment. for the injection tests a 
special laboratory procedure was designed and 
developed to inject a PVC pipe  filled with the 
test soil.

2 ConClusion 

The rheological tests on micro-cements shows 
a high stability, low viscosity  and low setting 

time; excellent penetration in gravel, sand 
and fine sand with pressures from 2 to 20 bar. 
Increasing the fine fraction or silt percentage, 
it was necessary to increase the pressure up 
to 30 bars. The uniaxial compression strength  
tests performed on the soil samples injected 
with micro-cements show, for all the natural 
soil tested, values ranging between 5 MPa (at 
2 days) and 17 MPa (at 14 days), with a regular 
increase in time.

all the samples injected by nano-silica 
mixes were completely permeated at pressures 
between 2 and 5 bar and the uniaxial 
compression strength values, for all the natural 
soil tested, range between 0,3 MPa and 1,3 
MPa varying with the accelerant dosage, type 
and the curing time.

figure 1. injection test equipment.

in conclusion the tests performed in this 
study shows the capacity of the mixes made 
by micro-cements and colloidal nano-silica 
to achieve: excellent penetration values, an 
excellent consolidation of granular soils also 
with significant content of fine elements. 

KeYWorDs: ground improvement, soil injection, permeation grouting.
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1 inTroDuCTion

Since their first successful employment on 
a tunnel boring machine (TbM) over several 
decades ago, disc cutter technology has 
constantly developed, allowing modern TbMs 
to excavate hard and abrasive rocks. in such a 
difficult geological condition, steel disc cutters 
are easily degraded, see figure 1. a single 
damage in disc cutter can result to an important 
increase in cost, since it may take days even 
weeks for repairing.

 
 

figure 1. Degradation of the disc cutters

Thus, a better understanding of the 
governing physical mechanisms in the 
interaction geological material and rolling disc 
cutters as well as the cutter failure mechanism 
is of high importance for the evaluation of the 
cutter life. 

in the present study, the structural behavior 
as well as the local behavior, namely stress-
strain evolution within the rolling disc cutter 
while cutting a hard rock block, which is directly 
related to the disc cutter degradation, has 
been investigated. The investigation has been 
carried out using a 3D numerical model in the 

commercial finite element code ls-DYna. 
The influence of various material properties 
(i.e., anisotropic hardening, visco-plasticity) on 
the disc cutter behavior has been discussed. 
investigation on the fatigue life of the disc cutter 
life based on the multi-axial stress history within 
the disc cutter was also carried out. 

2 ConClusion

The investigated disc cutter material is a tool 
steel with high yield strength of 1700MPa.

3D feM model was established to investigate 
cutter material properties on structural behaviour 
of the disc cutter. an elasto-viso-plastic model 
was used for the disc cutter. numerical results 
have shown that the kinematic hardening lead 
to a higher plastic strain evolution of the cutter at 
the contact zone, thus a faster wear rate, while 
the strain rate dependency may compensate 
the former effect. 

The fatigue analyses were also performed. it 
has shown that a number of cycles to failure at 
points near to the surface of contact with rock is 
in the order of 40 000 cycles.

The preliminary result indicated the 
existence of competitive (or combined) fatigue 
and wear degradation mechanisms that should 
be further investigated in area close to the 
cutter-rock interaction surface

KeYWorDs: Hard rock tunneling, H13, numerical model, wear, fatigue.
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Testing of sprayed waterproofing membranes for single shell 
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Norwegian University of Science and Technology,Trondheim, Norway.

1 inTroDuCTion

norwegian rail and road administrations are 
considering the use of waterproof permanent 
tunnel linings based on sprayed  concrete and 
sprayed membrane for hard rock conditions.

This paper describes the ongoing testing of 
tunnel linings and the membrane materials. for 
this study eVa co-polymer based membrane 
products from two suppliers in the industry are 
included. 

one completed tunnel and several specially 
constructed test sections with this tunnel lining 
type have been sampled and investigated in order 
to determine the in-situ condition of the tunnel 
lining.  results from these investigations show 
high humidity contents in the sprayed concrete 
material. The measured humidity contents in 
the membrane material are consistently much 
lower than the measured concrete humidities 
would suggest. Based on fissure recordings in 
sprayed concrete linings, measured thermal 
expansion, design aerodynamic loads and 
expected bond between the rock and sprayed 
concrete an assessment of the function and 
loading scenarios for the tunnel lining is done.  

2 ConClusions

an assessment of the main function and 
properties of the waterproof sprayed concrete 
tunnel linings has been done in order to propose 
relevant test methods. The recently conducted 
site investigations together with a study of 

relevant requirements and experiences from 
the past with hard rock sprayed concrete linings 
forms the basis for this assessment. 

The measured high capillary porosities and 
high degrees of capillary saturation indicate that 
the capillary suction is an important mechanism 
in the migration of water through sprayed 
concrete linings. 

The strains which can be expected in the 
membrane material due to thermally induced 
opening and closure of fissures in the sprayed 
concrete lining suggest that elongation 
performance of the membranes need to be high. 

The preliminary results from tensile bond and 
elongation testing show significant differences 
between membrane products as well as the 
importance of verifying the humidity content in 
the membrane material during testing. 

Humidity contents of the membrane 
material measured in-situ are found to be 
exceptionally low compared to the results from 
water absorption with direct water exposure.  
Differences between hand mixed and sprayed 
membrane samples favor the use of sprayed 
membrane samples in order to obtain realistic 
test results.

further testing within this program will 
include continued sampling and testing of long 
term development of humidity condition of tunnel 
linings, behavior under freezing conditions 
including technical performance in frozen 
condition and possible degradation caused by 
cyclic freezing and thawing.

KeYWorDs: sprayed membrane, sprayed concrete, test procedures, porosity, humidity content
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1 inTroDuCTion

fiber reinforced shotcrete was first experimented 
in the early 1970’s. since then, this material 
was widely applied in mining and tunneling 
applications. The addition of fibers to normal 
shotcrete led to a significant improvement in 
the toughness or energy absorption capacity. 
Steel fibers were selected at first, more recently 
macro-synthetic plastic fibers have been 
developed as a non-corroding alternative. 

In the wet spraying technique, the fibers are 
added to the premixed concrete. Then the fresh 
concrete is pumped to the nozzle, where it is 
accelerated by compressed air and sprayed to 
the application surface. 

Generally, a considerable rebound of 
concrete and of fibers results because of the 
high impact velocity. Coarse aggregates and 
especially fibers tend to rebound more than the 
rest of the shotcrete components, and hence, 
the material on the wall is deficient in these 
phases. The loss of the reinforcing fibers may 
have a significant impact on the mechanical 
properties of fiber shotcrete. 

because of the special application technique, 
preferential alignment is expected. Hence, a 
further important aspect is the orientation of the 
fibers which also may influence the mechanical 
performance of this composite. 

In the scope of the presented work, the fiber 
rebound was studied under field conditions. 
The orientation of steel and polymer fibers was 
analyzed based on X-ray computer tomography. 

Figure 1. Typical 3D reconstruction with macro-synthetic fibers 
(top) and the projection parallel (right) resp. perpendicular 
(left) to the spray direction.

2 ConClusion

Significant fiber orientation perpendicular to the 
spray direction was verified.

Furthermore, some differences in fiber 
orientation at a real application wall and in 
square panels (as typically used for mechanical 
testing) were observed.

KEYWORDS: shotcrete, rebound, fiber orientation, X-Ray computer tomography.
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ECOMINT – Waterproofing tunnels by thin shells

C. larive, D. Chamoley
CETU, Bron,France.
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G. espic, C. Morin
ETANDEX, Lyon, France.

1 inTroDuCTion

The purpose of the eCoMinT project is to test 
three innovative repair processes for treating 
water seepage in tunnels. eCoMinT stands for: 
‘Etanchéité par COques MINces en Tunnels’, 
which means Tunnel Waterproofing by Thin 
shells).

The three eCoMinT processes can be 
adapted to numerous configurations: rock 
tunnels or tunnels covered with sprayed or 
formed concrete, even brickwork or stonework 
tunnels. Their total thickness varies from a few 
millimetres to less than ten centimetres.

The first test site is the ‘Tunnel des Echelles’ 
in savoie (france).

Thin water seepage treatments are of 
great interest in existing tunnels where size-
related constraints are always considerable. 
another advantage of the proposed processes 
is that they enable work to be carried out with 
a minimum of disruption to traffic and tunnel 
operations.

The proposed processes aim for perfect 
waterproofing at a far lower cost than techniques 
of the equivalent level, for example concrete 
lining protecting a geo-membrane waterproofing 
system.

The three proposed processes are:

•	 an extra thin adhesive shell composed of 
an epoxy resin matrix impregnated with 
fiberglass, applied on a surface finishing 
mortar (3 mm to 3 cm);

•	 a thin “sandwich system” adhesive shell (6 to 
8 cm) composed of a temporary waterproof 
levelling mortar, a sprayed waterproofing 
product and a sprayed reinforced concrete;

•	 a semi-independent shell bolted to the rock, 
composed of a draining layer and a sprayed 
extra fast setting waterproofing product pro-
tected with a 5 cm reinforced concrete layer.

The issue for these repairs is to improve 
safety in the tunnel by preventing the formation 
of black ice and icicles in winter, localised water 
ingress at any time of year and the deposition of 
calcite making the road surface slippery. 

The article discusses in depth the test 
performed in the Tunnel des echelles and seeks 
to draw initial lessons from it, as well as the 
potential for other uses.

2 ConClusion

The tunnel has been properly waterproofed, the 
different geometrical and physical configurations 
allowed to thoroughly test every systems and 
connections between them.

it also permitted to understand the relevant 
parameters that need to be measured in order 
to guarantee best quality works.

The first two systems intended to treat 
already covered tunnels has proved to be ready 
for commercial uses with small modifications. 
The last one (designed for rock tunnel or heavy 
water leaks) is to be improved with another full-
scale experiment.

KEYWORDS: Tunnel, waterproofing, shell, resin, repair
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Critical review of spray-applied membranes in the field of 
tunnelling in comparison to sheet membranes: Advantages, 
disadvantages and open questions

s. lemke
Sika Services AG, Zurich, Swizerland.

1 inTroDuCTion

one of the main problems of tunnelling works 
has always been how to deal with the occur-
rence of ground water during the construction 
process as well as throughout the whole life-
cycle of the tunnel. around the world the double-
shell construction concept, with a primary 
shotcrete lining for the early ground support, a 
sheet membrane as a waterproofing measure 
and a secondary cast-in-place concrete 
lining for the permanent ground support, has 
established itself as a functional and efficient 
approach for lining works of conventional 
tunnelling. Guidelines such as the German 
ZTV-inG, the swiss sia or the corresponding 
austrian guidelines - to name only a few of the 
more prominent ones - and their recommended 
systematic approach to the design and the 
construction of watertight systems are providing 
the state-of-the-art in terms of overall system-
atic approach, durability and efficiency. Some 
minor systematic flaws of double-shell systems 
aside, and under the premise of being able 
to come up with a construction that is as tight 
and durable as a double-shell solution, a single 
shell construction provides obvious economic 
advantages.  

Within the last couple of years, a new idea 
for waterproofing has been transferred from 
outside the tunnelling industry and adopted for 
the conditions of tunnelling construction sites. 
The idea is not to use a loose-laid plastic sheet 
membrane in between two shells but to apply 
a thin layer of a sprayable membrane directly 

on the surface of the first (exterior) lining. After 
the curing of such a spray-applied membrane, 
a second lining of shotcrete will then be applied 
to the membrane surface, providing, ‘theo-
retically’, a full-face bond between the exterior 
and inner parts of the lining as well as with both 
sides of the membrane, with the ‘positive’ effect, 
that any kind of groundwater migration along 
membrane-concrete interfaces cannot occur. 
Terms like ‘the 21st century approach’, ‘a new 
level of protection’, ‘innovative, cost-effective 
method for tunnel waterproofing’, ‘a future 
design for dry’, ‘water resistance for hydrostatic 
pressures up to 100 bars’ and ‘significant 
project savings’ have introduced this kind of 
technology to the tunnelling industry, providing 
high expectations but, up to now, without being 
critically reviewed from a technological point of 
view and in consideration of existing industry 
norms, standards and reference projects.

2 ConClusion

at this stage there are still unanswered questions 
regarding required boundary conditions for 
application, material curing and as well for 
the durability of the spray-applied membrane, 
including the system relevant bonding behavior 
between all layers under permanent contact 
with water, water under pressure or in contact 
with aggressive liquids, especially in view to the 
structural function in case of a composite shell 
lining.

KEYWORDS: waterproofing, spray-applied membrane, drainage, composite shell lining.
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Structural behavior of precast tunnel segments under TBM 
thrust actions

G. Tiberti, G. Plizzari
Department DICATAM, University of Brescia, Brescia, Italy

1 inTroDuCTion

fiber reinforced Concrete (frC) is a composite 
material with a cementitious matrix and fibers 
as discontinuos reinforcement. frC is gaining 
an increasing interest within the concrete 
community for the reduced construction time 
and labors costs.

fibers enhance toughness to the concrete 
matrix, which increases the ability to resist 
stresses after cracking and the improvement 
of the impact and fatigue resistance. fibrous 
reinforcement is a competitive solution in linings 
for tunnels excavated by means of Tunnel 
boring Machines (TbMs) and made by precast 
segments.

The design process of segmental concrete 
linings is principally governed by standard load 
cases (embedded ground condition, grouting 
process), even if other possible mechanisms, 
occurring during the lining construction process, 
can result in crack patterns that are frequently 
observed in practice in tunnel segments. under 
this point of view, the application of TbM’s thrust 
jack forces is a crucial phase.

in order to properly take into account the 
fiber resistant contribution during the distribution 
of stresses in tunnel elements under the thrust 
jack action, non-linear numerical analyses 
based on non-linear fracture mechanics should 
be used. Moreover, possible irregularities, 
occurring during this phase, are recommended 
to be considered in these numerical simulations.

Within this framework, an experimental 
campaign was developed for the characterization 

of FRC with types and contents of steel fibers 
significant for use in tunnel elements. Based 
on the (numerically determined) tensile post-
cracking laws, non-linear numerical analyses 
were developed in order to study the thrust 
jack phase of a real case-study where tunnel 
segments were adopted.

2 ConClusions

The loading configuration generally adopted 
by designers was considered as reference. 
Furthermore, an additional configuration 
consisting in an outer eccentricity was studied 
as a possible irregularity. it was found that 
the global bearing capacity of the lining is 
considerable influenced by the local behavior of 
the segment regions between the loading areas 
and under the thrust jacks. referring to the 
normal loading condition, all specimens have 
evidenced an adequate bearing capacity. 

The introduction of an outer eccentricity 
of the thrust jacks determines a considerable 
reduction of the segment bearing capacity, 
since more severe local stresses occur between 
the loading areas. Referring to the same fiber 
content (45 kg/m3, Vf=0.57%) the use of high 
performance fiber (class 6c, according to 
MC 2010) guarantees an adequate behavior 
with respect to the loading configurations 
investigated.

KeYWorDs: steel fiber reinforced Concrete, toughness, precast tunnel segment, thrust phase.
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One-pass Segmental Lining in a Corrosive Environment
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1 inTroDuCTion

in order to achieve durable concrete structures 
with high expectations on usability, especially 
for application in sewerage systems as the 
construction of conveyance interceptors and 
connected ducts, the use of corrosion resistant 
materials for covering the internal surface area 
is increasingly important. This paper discusses 
differences between conventional plastic one-
pass lining materials and Combisegments®, 
their practicability during segment manufacturing 
and tunneling, completed by experiences 
of reference projects using conventional 
embedded liners.

Mechanized tunneling with segmental lining 
and increased demands on structural surface 
protection can be implemented either in one or 
two passes. in contrast to two-pass systems, 
one-pass segmental lining directly combines 
static requirements of the tunnel structure as 
well as final protection and improvement of 
concrete surfaces by using reinforced precast 
segments with embedded plastic liners.

Significant differences exist between 
different available mechanical anchored lining 
materials in terms of used thermoplastic 
resin, integrated anchoring type, its shape 
and alignment. in addition, varieties between 
the denotation of one-pass segmental lining, 
related expectations and practical tunnelling 
issues exist. Central prospects such as a 
simplified segment manufacturing and tunnel 
construction without additional requirements to 
achieve concrete protection cannot be fulfilled 

comprehensive by using conventional lining 
solutions.

Combisegments® combines standard 
reinforced segments with a framed liner made 
of Telene®-pDCPD (polydiclopentadiene), 
incor porating several custom-made elements 
(figure 1). Manufacturing can take place without 
additional expenditure and simplified due to an 
already integrated gasket frame.

figure 1. Cross-section of installed Combisegments®.

2 ConClusion

Corrosion protection of sewers is a broadly 
accepted key requirement. The difference 
between conventional lining solutions, 
presumed to be applicable for a one-pass 
system, and Combisegments® is in the 
details. a durable framed liner with integrated 
gasket and tunneling accessories corresponds 
rather with a forward-thinking combination of 
already proven elements than representing an 
innovative approach.

KeYWorDs: one-pass segmental lining, Corrosion Protection lining, segment manufacturing
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Design of steel fiber reinforced segmental lining for Line 5, Lot 
7 of Metro Sao Paulo
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1 inTroDuCTion

The alignment of Metro line 5 lot 7 runs for 
5.75 km under the city of sao Paulo with an 
overburden between 7 m and 47 m. The tunnel 
is excavated with an ePb-shield of 10.58 m 
diameter mainly in sands and clays, with a short 
part where a turf layer is encountered within the 
cross-section. for the horizontal stresses in the 
ground a coefficient of lateral stress between 
0.5 and 0.8 is expected where the overburden is 
low, and up to 2.0 where the overburden is high.

2 MaTerial beHaVior anD DesiGn

The segmental design is optimized to allow for 
the use of steel fiber reinforced concrete (SFRC) 
wherever possible. Therefore in analyses stress-
strain-curves for compressive and, in case of 
sfrC, tensile behavior, are required. 

The sfrC was tested with four-point 
bending tests. To utilize the concrete best, it 
was decided to back-analyze the tested material 
behavior in order to determine the actual stress-
strain-relationship for tension. The stress-strain-
curves adopted in the structural calculations are 
based on this back-analysis and the subsequent 
evaluation of the results with the help of the 
German concrete code, the German Guideline 
for sfrC and the rileM. for the conventionally 
reinforced concrete eurocode is applied.

3 sTruCTural analYses

Verifications are performed with beam- and finite-
element-models for cross-sections representing 
the characteristics of the alignment:

•	 low regular overburden of one diameter.
•	 Passing underneath and close to buildings, 

where excavations of up to four basements 
may need to be considered.

•	 Passing of a new 18-floor-high-rise-building 
with a distance of 75 cm to the diaphragm 
walls and 1 m below anchoring.

•	 Passing of naTM-tunnels with little clear 
horizontal distance and excavations in the 
crown partly in organic soils.

•	 Highest overburden of 47 m with water lev-
els 38 m above the crown.

•	 lowest overburden of 0.7 diameters cross-
ing a major road in a trench (fe). 

4 ConClusion

at the time of writing this article analyses are still 
underway. The results so far show that for most 
stretches of the alignment the use of sfrC can 
be verified. Where the overburden is higher than 
1.5 diameters, additional splitting reinforcement 
is required at the joints. 

Where either existing building are in very 
close proximity to the tunnel or where the 
turf layer of low stiffness is encountered, 
conventional reinforcement must be used for 
the respective short stretches.

KEYWORDS: segmental lining, steel fiber reinforcement, back-analysis, finite-element-method.
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Waterproofing in underground structures with synthetics 
membranes: the vacuum system, testable and reparable

i. M. Zotti
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1 inTroDuCTion

The waterproofing systems based on synthetic 
membranes for underground structures in the last 
10 years have had a remarkable development: 
the need to move from the concept of “simple 
membrane” applied to a broader of “system” in 
fact meant that industry leaders should develop 
complex solutions able to offer increasing 
levels of security depending on the particular 
performance requirements for each structure 
to be waterproofed. in case of underground 
works and tunnels, considering that this types 
of waterproofing systems cannot be inspected 
during their life, the main problem to consider 
is not only how to check but also eventually to 
repair the waterproofing system at low costs and 

definable in advance. In underground works the 
waterproofing systems used in general do not 
allow to perform any full testing nor to make 
specific repairs of defined areas. This means 
on one side that the Construction Management 
does not have a valid instrument to approve the 
installed waterproofing system and on the other 
side that the repair costs cannot be defined 
in advance and often represent a dangerous 
question mark. The vacuum system is the 
only system of waterproofing of underground 
structures that allows a specific testing of the full 
waterproofed surface even during the life of the 
structures as well as the repair of the same for 
sectors with the possibility to define in advance 
the costs.
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Design and repair works after collapse within the Estí headrace 
tunnel - Panamá

f. besseghini, D. Vietti and P.f. bertola
Lombardi Ltd, Minusio, Switzerland.

1 General oVerVieW

The 4’800 m long headrace tunnel has a 
D-shaped cross section with an average area 
of 67 m2. The tunnel horizontal and vertical 
alignment was governed by geology, by the 
in situ rock stresses, and by the available 
excavation.

The tunnel conditions were inspected 
immediately after the HPP stop. Two major 
collapses, as well as some rock and shotcrete 
falls, were identified inside the tunnel.

a total amount of 8 boreholes were drilled 
from the surface along the tunnel alignment 
and close to the main collapse. To evaluate 
the influence of weak sedimentary rock 
layers on the future behaviour of the tunnel in 
presence of water, some laboratory tests have 
been performed to determine the causes of 
the slacking behaviour observed on site, the 
swelling potential in particular of the mudstone 
lithology, as well as to check the strength and 
deformability characteristics of major rock types 
together with their susceptibility to wetting-
drying cycles.

a 3D model laser scanner survey was 
carried out along the main part of the tunnel in 
order to guarantee the complete detection of 
the irregularities and to obtain all the required 
geometrical cross sections from the digital 
model in terms of distance and number.

it was decided to subdivide the rehabilitation 
into 2 different phases. The first one was to 
define the supports needed to guarantee a 
safe access for the workers to the tunnel and 
to repair the stretches affected by the main 
collapses. The second step was to realize a full 
round cast in place concrete lining on the whole 
tunnel length.

The reengineering and construction of 
the final lining aimed to ensure the collapsed 
stretches as well as to provide a structural 
support along the entire tunnel without overlook 
the hydraulic equilibrium between waterway 
and ground water table. The reduction of the 
free section was established in comparison 
with the head-losses improvement allowing a 
significantly win in efficiency.
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Underground Geological Storage of Natural Gas
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1 inTroDuCTion

The surface uses to attend all society needs 
are promoting a competition and economic 
overestimating from the area, which 
compromises the actual prioritized destination 
for the surface.

The underground space has to be study with 
care and responsibility, combined with a good 
design; it can receive underground facilities for 
transportation or storage, enable to develop 
cities with the cities growth.

The advanced of underground space use 
can be observed in north america and europe 
for the construction of tunnels and storage. The 
use of the underground storage natural gas 
reservoir in relation to the ground are different 
and stand out because they have the highest 
volume stored, lower costs, and gains in safety 
when carefully constructed and monitored 
(Costa, 2013).

brazil has a consumer natural gas market 
in development and does not use underground 
storage facilities. natural gas is use as alternative 
fuel instead conventional (gas, diesel and 
alcohol); and for energy supply of thermoelectric 
plants, that reach their peak functioning when the 
water reservoirs from hydroelectric are very low.

The underground storage will play an 
important function in maintenance the gas supply 
and oil production, because without this process 
natural gas production will be send to the gas 
processing networks, specified and distributed, 
and whenever an unforeseen reinjection into the 
reservoir and outflow from distribution network 
happens the production will be interrupted.

2 ConClusion

The underground storage is used internationally 
widespread, although not yet been explored 
in brazilian territory. The geological potential 
existence is known for house technology and 
the need market absorption for other natural 
gas chain branch; there is need for more 
detailed studies and medium and long-term 
deployment projects; and regulate the activities 
of potential investors through standards and 
guidelines that go beyond the present brazilian 
regulamentation and which are adapted to 
the geological, economic and environmental 
brazilian conditions.

The brazilian market and regulation will 
directly influence the technical and economic 
feasibility of the investment for an underground 
storage. Their use is on the thermoelectric 
system optimization and should encourage 
the consumption of natural gas, because with 
the growing thermal capacity, the greater the 
demand for natural gas and the greater the 
assistance provided by the system to usnG.

KeYWorDs: underground storage, natural gas, Geological.
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Geotechnical Design and Instrumentation of the Palomino 
Hydropower Cavern Excavation
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1 inTroDuCTion

The Palomino Hydroelectric Project, in the 
Dominican republic, comprised a powerhouse 
cavern with a  span of 16 m, 25,8 m of height 
and a length of 46,5 m. Just downstream from 
the powerhouse cavern a shaft was excavated 
for the operation of the gates of the turbines draft 
tubes. This shaft had a semicircular horizontal 
cross section, with an equivalent diameter of 
about 15 m and its axis was at a distance of 
39 m from the axis of the powerhouse cavern, 
leaving a rock pillar of about 22 m thickness 
between both cavities.

The cavern and the shaft were excavated in 
a metasedimentary rockmass composed by a 
sequence of silty and clayey layers of centimetric 
thickness, with a pronounced anisotropy and 
heterogeneity of strength and deformability. 
The overburden of the excavations was 270 
m, resulting in in situ stresses in the range of 
6 MPa.

although the drill-and-blast excavation of 
the access tunnel did not present difficulties 
due to the low strength of the rock, the low 
values of deformation moduli inferred from the 
retroanalyses of the convergence anticipated 
the occurrence of high deformations of the rock 
in the excavation of the cavern, due to its span 
and geometry. it could thus be foreseen the 
need for heavy support measures, by means of 
a thick shotcrete lining, welded wire mesh and 
high capacity rock anchors. The bidimensional 
finite element analyses of the cavern and 
shaft compound, considering the sequential 

excavation of the cavities, seemed to confirm 
this evaluation, and indicated the occurrence 
of relatively widespread plastification zones 
around the contours of the excavations. This 
led to the execution of tridimensional finite 
element analyses, whose results showed a 
more favorable trend of loadings in the supports 
and stress redistribution in the rockmass around 
the excavations. 

in order to validate the design assumptions 
and to evaluate the long term behavior of 
the rockmass-support system an intensive 
instrumentation program was implemented, 
by means of multibase extensometers, load 
cells installed in anchors and convergence 
measurements.

2 ConClusion

it was concluded that the results of 
the tridimensional analyses were more 
representative of the actual field condition, 
and this enabled a significant reduction of the 
prescribed support measures, especially the 
density of the anchoring.

The paper also compares the results of the 
instrumentation measurements with the results 
of the numerical analyses performed in the basic 
design phase. an interesting coincidence was 
observed between the estimated and measured 
values, as well as the effect of the excavation 
sequence on the behavior of the rockmass 
deformation.

KeYWorDs: underground structures for Hydroelectric schemes, site Monitoring.
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1 inTroDuCTion

belesar iii and los Peares iii Hydropower 
Projects are reversible plants, property of Gas 
natural fenosa, locates at Galicia, spain, that 
require the construction of several underground 
excavations with different typologies. 

belesar iii Hydropower Project incorporates 
the construction of 2,100 m of principal 
conduction, a pressure shaft and two chambers 
in order to house the power and the transformer 
machinery. in addition, the project includes 
two gates shafts, a surge tunnel, a bus shaft to 
join the power house with substation plant, an 
access tunnel and several construction tunnels. 

The underground works involved in los 
Peares iii are a 50 m length tunnel located at 
the intake area and a pressure tunnel of 440 m 
length. The connection between both tunnels is 
envisaged to be solved by a 55 m depth shaft. 
one more shaft will be constructed to contain 
the flow control gates.

naTM was chosen to construct all the 
tunnels. shafts were design as a raise-boring 
and enlarged up to final diameter using NATM. 

The excavation will be mainly made using 
drill and blast, while a few sections, affected by 
fault zones where de rock mass quality is lower, 
mechanical excavation will be used. 

all the tunnels and shafts supports have 
been validated using stress-strain calculation 
solved with flaC 2D code and rock wedge 
calculation using uDWeDGe code.

The analysis in the caverns was carried out 
using flaC 3D due to the complex of the model 
in order to analyze the interactions between the 

different excavations according to the defined 
geological model. figure 1 shows the 3d model 
used, for the design of the Powerhouse and 
Transforms caverns.

figure 1. 3D model used in caverns analysis.

in addition to initial support that allows assure 
the stability of the construction a secondary 
support using reinforcement concrete lining have 
been designed in order to ensure the additional 
surcharges associated with the operation of the 
hydroelectrical plant.

2 ConClusion

for the design of the hydroelectrical projects 
of belesar iii and Peares iii a deep and good 
geotechnical characterization was fundamental 
for the design of the underground structures. 
for example, in the case of belesar iii the 
field stress characterization was very useful to 
decide the orientation of the powerhouse.

KeYWorDs: tunnel, hydropower, support, reinforced concrete lining.
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1 inTroDuCTion

The renace ii project is an hydropower project 
that is under construction by the company 
Cobra. The project is located at Cahabón river 
in the alta Verapaz Department of Guatemala. it 
is the second of three elements in the use of 
Cahabon river.

renace ii will provide 112 MW using a 
gross head of 335 m and a flow of 40 m3/s. 
The underground works involved in this project 
basically consist of a low pressure tunnel, a high 
pressure tunnel and a small free flow tunnel. 
Their main characteristics are summarized in 
Table 1

Table 1. Characteristics of the tunnels.

Parameter Tunnel 1 Tunnel 2 Tunnel 3

Pressure low High Free flow

Difference of 
heights

2 m 176.5 4.75

Cross section 29 m2 15 m2 3.8 m2

length 3.440 m 3.900 m 214.5 m

The construction of the tunnels started on 
october 2012 and the whole pressure system is 
envisaged to be finished on May 2014.

The tunnels are being excavated in the 
Coban formation, basically limestones of good 
and fair geomechanical quality, with rMr 
usually higher than 50 points. no major faults 
have been crossed but in several sections loose 
materials have been found.

The tunnels are being excavated in full face 
by conventional drill&blast methods in almost 

all their length. only in a few sections with a 
very poor quality of the rock some mechanical 
excavation was done.

Different support classes have been 
designed considering the geotechnical context. 

The main difficulty has been the intersection 
of the tunnel with cavities originated by karstic 
processes in the limestones. (Photo 1)

The advances per month are above 100 
m/month as the average rate measured in the 
last month is 120 m. a peak advance of 194 m/
month has been achieved.

Photo 1. installation of the support crossing a karstic cavity.

2 ConClusion

The construction method and the equipment 
used have provided excellent advance rates 
and optimum safety condition in the excavation 
and support of this large underground project.

KeYWorDs: tunnel, hydropower, support, karstic, advance.
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Geotechnical Design of Large Openings for Mining Operations 
in Chile

a. r.a. Gomes
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1 inTroDuCTion

The permanent infra-structure of major mining 
projects in Chile often comprises of a number 
of large underground openings, which are used 
for housing operational installations, such as 
crusher chambers, material handling systems, 
electro-mechanical equipment and working 
offices, among others facilities. Generally, in 
accordance with the mine operational layout, 
these openings are interconnected by means 
of tunnels, drifts and vertical or inclined shafts, 
resulting frequently in a cluster of various 
closed-located underground structures, such as 
those seem at the andina Mine of Codelco (see 
figure 1).
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figure 1. View underground facilities – andina Mine 

The paper presents a methodological 
approach for the geotechnical design of such 
large underground openings, with particular 
reference to the authors´ experiences on a 
number of projects for mining operations in Chile. 

The design methodology encompasses the 
following aspects: geotechnical model; stress 
field assessment; geometrical and functional 
layout; geotechnical boundary conditions; rock 
mass behavior and ground-support interaction 
analyses, the construction baseline scheme 
(including excavation and support, cost and 
time, risk management plan and contractual 
documents) and the site monitoring and update 
of the geotechnical model.

Two case histories, where this methodology 
has been implicitly applied, are presented. The 
first case consist of a large multi-cavern complex 
excavated with relatively shallow overburden 
conditions and the second case corresponds to 
deep seated large openings excavated under 
high stress conditions. 

2 ConClusion

The outlined methodology can be considered 
as a referential approach, to attain a traceable 
and flexible geotechnical design development 
throughout all the project stages, aiming at 
achieving technically and economically efficient 
solutions to the project specific geotechnical 
conditions, with opportune definition of key 
geotechnical-related issues and proper follow-
up of the construction stage to monitor the 
actual ground conditions and behavior and 
implementation of the required adjustments and 
optimizations.

KeYWorDs: Geotechnical Design, large openings, Caverns, underground Mining facilities.
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Pressure Design in Unlined Tunnels and Shafts

D.T. belayneh
NTNU, Trondheim, Norway

e. Grøv
SINTEF/NTNU, Trondheim, Norway

1 inTroDuCTion

The topographic conditions in norway are 
favorable for the development of hydropower 
and more than 99% of annual production of 
energy in norway is generated from hydropower. 
unlined tunnels and underground powerhouses 
have been constructed starting from the end 
of World War i in 1919. unlined high-pressure 
tunnels and shafts have been the preferred best 
solution for cost and time effective construction 
of hydropower. Thus the expensive lining with 
steel penstock and concrete embedment is 
avoided. from the valuable experience gained 
through the design, construction and operation 
of tunnels in the past 100 years in norway, 
unlined pressure tunnels have been developed 
reaching 1046m hydrostatic head for nye Tyin 
Hydropower Project being a world record. The 
project geology is complex and predominantly 
overthrusted homogeneous dark gneisses, 
quartzite and mica schist. The under ground 
power station area and the lower part of the 
pressure tunnel and shaft are located in rocks 
consisting mainly of dark gneiss, gabbro, 
amphibolite and pyroxene-granulite.

in this paper, the possibility to develop 
high pressure unlined tunnel and shaft with 
even higher static heads has been looked 
at being exemplified with the Nye-Tyin 
hydroelectric project. in this regard, different 
design principles and approaches have been 
applied being based on empirical, deterministic, 
numerical analyses as well as using other 
sources of design principles. The design basis 
in the project example is a water pressure of 
10.5MPa. Different static heads have been 
evaluated by increasing the head stepwise to 

a water pressure of 18MPa and for each step 
evaluate the confinement criterion requirements 
for hydraulic fracturing and uplift. The minimum 
principal stress along the alignment of the unlined 
tunnel has been calculated and compared with 
the water pressure in the tunnel. finally the 
factor of safety along the unlined pressure shaft 
is calculated with regards to hydraulic splitting 
and failure. The “first design criteria”, norwegian 
rule of thumb, snowy mountain criterion, design 
charts method based on FEM and finally 
verification using simulation of model by two 
dimensional phase2 software are used to ensure 
safety against hydraulic fracturing and uplift.

Table 1. Comparisons and results of analysis

Design approaches Max. Possible static head, (m)

first Design criteria 1137
norwegian rule of thumb 1427
snowy Mountain Creation 1677
Design Charts based on feM 1140
others 1197
numerical analysis 1097

*actual project static Head = 1047m

2 ConClusion

based on the outcome of the empirical, 
deterministic and numerical analysis, the 
development of ultra-high-unlined tunnel & 
shaft is possible even for higher than the world 
record static head for nye Tyin HeP as well as 
in general. all unlined sections should satisfy 
confinement criteria and located only in rock 
masses, which are sufficiently durable and 
sound so as to satisfy long term requirements 
in order to avoid hydraulic jacking, unless the 
consequences of the hydraulic jacking have 
been deemed acceptable. 

KeYWorDs: High pressure unlined tunnels & shafts, Planning & design of underground structures
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Underground Crude Oil Strategic Storage Projects in India
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1 inTroDuCTion

The Government of india, to deal with 
contingencies arising out of any disruption in 
the supply chain due to reasons beyond control, 
has decided to set up strategic crude oil 
storages of 5.33 MMT at three locations. 
This paper reports the geological and /or 
geotechnical investigations carried out during 
the construction of unlined underground caverns 
being built in india for the storage of crude oil at 
Vishakhapatnam and at Padur (Package a).

2 roCK suPPorT DesiGn

The basic aim of any design of underground 
opening should be to utilize the rock itself as 
the principal structural material, creating as little 
disturbance as possible during the excavation 
process and adding concrete / shotcrete / steel 
supports in the smallest possible quantities.

The design of rock support is based on 
adequate design parameters and the assessment 
of anticipated rock mass behavior. analyses 
are carried out, which recognize appropriate 
aspects of rock mass behavior. The rock support 
measures are essentially intended to:
i. limit and control rock mass deformation 

to achieve safe and stable excavation 
conditions in the roofs, side walls and floors 
in caverns, tunnels and shafts. 

ii. ensure adequate rock mass support adjacent 
to particular underground openings to 
maintain global stability of the underground 
works.

iii. provide permanent support for identified 
weak layers or wedges to achieve more 
or less permanently stable rock mass 
conditions for long term load cases.

iv. control deformation in the rock mass to limit 
water seepage.

3 ConClusion

unlined rock caverns for crude oil and 
petroleum gas storage call for detailed 
site characterization in terms of geology, 
hydrogeology, geochemistry, geomechanics 
and geotechnology, which in turn facilitates 
assimilation, assessment and amalgamation of 
all relevant data to aid an overall geological and/
or geotechnical framework for project.

During pre-construction stage, initial 
and supplementary site investigations i.e. 
core drilling, laboratory tests; in-situ stress 
measurement, seismic refraction and resistivity 
survey, geological mapping, water pressure 
tests, ground water level monitoring and analysis 
were carried out to acquire geotechnical data 
for assessing the feasibility of the proposed 
location and geotechnical data for the specific 
project location respectively. 

During construction stage, these site 
investigations were supplemented with site 
investigations and rock mass characterizations 
i.e. geological and/or geotechnical investigations 
and geotechnical instrumentation and 
monitoring for rock, rock mass and ground water 
assessments (Kudtarkar et al. 2011).

KeYWorDs: rock Cavern, oil storage, Conventional Tunneling, Water Curtain Tunnel



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

247 

Safe mining operation with intelligent roof support system-
Neuro-fuzzy approach
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1 inTroDuCTion

Insufficient roof treatment during underground 
tunneling excavation affects safety, production 
and efficiency. In most of the cases, our 
experiences and expertise of soil and rock 
behaviour still falls short of being able to predict 
how the ground will behave. Presently, empirical 
approaches to design are widely used in 
underground tunneling/mining and thereby roof 
support parameters are calculated. an expert 
judgment plays an important role under this type 
of situation. safety towards roof support can be 
enhanced in mining operations to a large extent 
using the accurate and precise measurement 
and optimization of data and its analysis using 
Neuro-Fuzzy technique of Artificial Intelligence.

Neuro-Fuzzy hybrid approach an artificial 
intelligence technique is becoming one of 
the key areas of research because it gets the 
benefits of neural network as well as of fuzzy 
logic systems and it removes the individual 
disadvantages by combining them on the 
common features. Artificial Neural network and 
fuzzy logic technologies has having common 
features such as distributed representation 
of knowledge, ability to handle data with 
uncertainty and imprecision etc. like in mine 
roof support system. fuzzy logic technique has 
tolerance of imprecision of data, while neural 
networks have tolerance of noisy data. 

in this technical paper we have focused 
various artificial intelligent techniques like 
artificial neural network, fuzzy logic & neuro-
fuzzy hybrid methods to approximate the amount 
of pre-load causing roof fall which is applied to 
the standing props to support the roof during 
underground mining operation. We have taken 

sets of field data having twelve input variables of 
rock as well as mine gallery parameters .neural 
network was trained using sigmoid transfer 
function by MaTlab. The neural network 
used here is a backpropagation multilayer 
perceptron having six layers. The input layer 
has twelve neurons representing each neuron 
one parameter. The different twelve parameters 
are for this study are rock Mass rating (rMr), 
distance of first prop from the face(six), working 
height, rock density, seam thickness, width of 
gallery and charge per hole. The output layer 
has single neuron which produces the setting 
load. The first hidden layer, second hidden 
layer, third hidden layer and fourth hidden 
layer has  30, 14,7 and 4 neurons respectively. 
These numbers of hidden layers were also 
found empirically. The neuro‐fuzzy controller 
developed here consists of a pre‐processor 
using backpropagation neural network followed 
by a fuzzy logic controller having five triangular 
memberships. neuro‐fuzzy controller highlights 
the details of the neurons with its inputs and 
output signal with fuzzy controller. final output 
i.e. pre-load to be applied on props so obtained 
after defuzzification was compared with 
available real field data and was found having 
good agreement with that. also the sets of mine 
support data was simulated through fuzzy logic 
alone. Percentage variation of output obtained 
with the help of artificial neural network, fuzzy 
logic and neuro-fuzzy techniques were also 
compared among themselves. Therefore, it 
was concluded that neuro-fuzzy controller is 
an efficient intelligent controller and has better 
performance over individual neural networks or 
fuzzy logic controller alone in approximation of 
pre-load on standing prop/support system.
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1 inTroDuCTion

Due to the great complexity of swelling process-
es in rock containing anhydrite, frequently en-
countered highly variable geological conditions 
and the changeable hydraulic conditions, a theo-
retically based estimate of swelling pressure is 
not possible. as a guide, up till the present time 
the results of laboratory swelling tests were fre-
quently used. These, however, can lead to un-
realistically high design swelling pressures. The 
aim of this paper is to determine numerically the 
possible design values of swelling pressures for 
five tunnels that have been in operation for dec-
ades - without showing signs of overstressing 
- and to use the data as a basis for determining 
the swelling pressures acting on new tunnel 
struc tures. 

In the figure below, the simplified profiles of 
the five investigated tunnels are shown together 
with details of the geometry and construction 
period. all of them are situated in Gipskeuper 

formations containing anhydrite. The tunnels 
are located partly in south Germany and partly 
in switzerland. 

2 ConClusion 

it can be shown that the design loads for the 
older tunnels (belchen, Wagenburg) may reach 
0.6 to 1.0 MPa depending on the actual concrete 
strengths. The tunnels having a circular cross-
section and constructed recently may exhibit 
de sign loads of 1.0 to 2.1 MPa. The limit loads, 
on the other hand, which refer to the full plastifi-
cation of at least one section in the lining, may 
reach, for circular cross-sections, up to more 
than 4.0 MPa. 

in the paper also the results of a comprehen-
sive parametric study are reported showing the 
effects of lining thickness, rock stiffness, and 
concrete quality on the required amount of steel 
reinforcement. 

figure 1. The investigated tunnels for the determination of their limit loads 

KeYWorDs: anhydrite, Gipskeuper, swelling rock, swelling pressure, invert arch, design loads
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New study to assess the geomechanical behavior of the 
expansion of the Rodoretto talc mine
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f. Monticelli, M. Wurm
Imerys Talc, Prali, Italy.

1 inTroDuCTion

The study of the stability of tunnels is crucial in 
order to maintain the safety during the mining 
process in a soft material like the talc. The paper 
describes the methodology used to assess the 
stress field and rock mass conditions during 
the new south extension of mining drifts in the 
rodoretto mine in Prali. This mine has been 
in operation for many decades and produces 
a really refined white talc. The mining method 
in use is the cut and fill by using a cemented 
backfill and proceeding into different levels.

The high heterogeneity of the rock mass, 
consisting mainly of talc, marble, gneiss and 
mica-schist, can cause unexpected deviations 
on the stress field after the excavation. The 
numerical simulations allow to estimate the 
induced stress field in order to design safely 
the support of the drifts when new stopes will 
be mined. Particular importance during the 
calculation process has been given to the phasing 
and sequence, as the high deformability of the 
talc ore body can create numerous problems to 
the nearby entrance tunnels and existing filled 
parts, especially with the mining method chosen 
in rodoretto. a series of numerical calculations 
have been carried out in order to assess all the 
possible problems occurring by this expansion 
such as deformations, yielding zones (figure 
1) and stress increase by using 2D feM ideal 
elasto-plastic models. 

The input data used for the study have been 
collected during the previous exploitations, and 
in some cases some have been parameterized 

in order to get a range of scenarios which could 
better simulate the actual behavior.

2 ConClusion

This study shows the importance of the use of 
numerical methods for assessing stresses and 
displacements at the design stage of a new 
development of a mine. in particular, when the 
geometry and the geology are complex, the 
general stability should be always verified and 
the numerical models provide a valuable tool. 
With reference to the specific study of a new 
extension of the rodoretto mine, the results 
showed that the layout of the extension and the 
reciprocal position between the existing mine 
and the new orebody allows to avoid particular 
interferences. The uncertainty related to some 
parameters, such as the cohesion, can be 
with this tool easily taken into account with the 
parametrization, which in this case returned a 
result very useful to understand the best position 
where locating the new mine infrastructures.

KeYWorDs: numerical modeling, rock mechanics, talc exploitation, mining drifts.
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1 inTroDuCTion

in the last two decades, Colombia and countries 
in the andean region have been supplying 
their energy demands mainly through the 
development of hydroelectric projects, given the 
water resources found in los andes Mountain 
range.  in some of the projects developed, the 
powerhouse was located underground to take 
advantage of the topographic and geological 
conditions of the sites and to ensure better 
safety conditions. The powerhouses were 
located to ensure a balanced rock overburden 
that did not required excessive support, 
guaranteeing adequate confining stresses in 
the headrace tunnels.  The design of the layout 
for the underground caverns included the 
interaction of electrical, mechanical and civil 
engineers.  The powerhouse schemes in the 
projects presented in this article include two or 
three separate caverns to accommodate the 
equipment and the generation units according to 
the hydraulic efficiency and generation scheme 
adopted in each case. The size and length of 
the powerhouse cavern was determined based 
on the arrangement of the main and auxiliary 
electromechanical equipment, the bridge crane 
and the dimensions of the structural elements, 
including the control building and the ventilation 
and pumping systems.

This article presents design criteria, 
behavioral and construction aspects of five 
deep underground power stations excavated 
in sedimentary, igneous and metamorphic 
rocks, as components of an equal number 
of hydropower projects either in operation or 
construction in the andes Mountain range. 
Guavio is highlighted amongst several 

cases as one of the deepest power stations 
in south america built in medium-strength 
sedimentary rocks and complex geology.  
also presented is the experience acquired at 
the underground power stations of Miel i and 
Porce iii Hydropower stations, excavated in 
igneous and metamorphic rocks in Colombia’s 
Central andes. The Platanal cavern located in 
igneous rock at a depth of approximately 700 m 
is also described. lastly, the experience of the 
underground powerhouse for the hydroelectric 
project of sogamoso in Colombia excavated in 
relatively weak sandstone is presented

2 ConClusion

Most of the caverns designed and built in 
los andes Mountain range have rock pillar 
between caverns with widths that range 
between 20 m and 30 m.  Cases like Guavio, in 
relatively soft, sedimentary rocks, demonstrate 
that is feasible to design and build this type of 
underground complex at great depths. The 
locations of the underground caverns were 
optimized considering the strength and quality 
of the rock.  in addition, the caverns were 
adequately oriented to minimized problems with 
rock wedges and leaving previsions to adjust 
the support with longer or denser rock bolts 
and/or with tendons, depending on the behavior 
measured with the instrumentation.

in the cases when tunnels or galleries were 
excavated inside the pillar, an important increase 
in the deformations was generally observed.  in 
some cases, the support system composed of 
rock bolts was too close to the yield limit and, 
therefore, wall reinforcement was required.

KeYWorDs: underground cavern, hydroelectric powerhouse, tunnel support, pillar behavior
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1 inTroDuCTion

The task of mining the rock body of a naturally 
distributed ore system implies filling the caved 
voids and chambers with rockfill material 
having smaller strength moduli. This condition 
may lead to structural unbalance, where the 
rockfill performs only as a strain buffer agent. 
This unbalance progressively subjects the 
adjacent pillars to overstress beyond the design 
values. The pillars, in turn, are further mined to 
reduced bearing sections, thus originating high 
stresses that dynamically worsen the overall 
mining system. it is therefore very important to 
manage with precision a series of parameters 
that lead to rational mining practices. The work 
shows practical examples of induced stress 
management, and makes contributions to this 
difficult underground mining issue.

2 ConClusion

This work has been focused in describing the 
rock stress induction phenomena, but mainly 
in creating awareness on the importance 

of induced stress management that must 
be practiced at all rational mining operation 
and, quite fittingly, in all general underground 
excavation task, including civil underground 
excavations. emphasis should be put on the 
critical importance that this management means, 
fundamentally on the responsibility that each 
operations member must adopt and meet. This 
approach embodies an overall methodology and 
work system that unavoidably must work aiming 
at reaching efficiency, productivity goals and 
similar aspects, though, most importantly, these 
objectives must be met safely, so as to ensure 
the continuity of the productive source. at every 
rational mining project, each professional should 
be clearly aware of all the above statements, 
so as to elaborate a team-work methodology, 
with each member complying responsibly the 
induced stress management plan according to 
the role that the protocol establishes.   

KeYWorDs: Management; induction; stress; Phases; Diagnostic; Dynamic; Control; Protocols; 
responsibilities.
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1 inTroDuCTion

The realisation of underground pump-storage 
power plants presents all participants with 
huge challenges. These challenges in the 
field of tunnel-, plant-, concrete- and special 
underground engineering, material processing, 
injection technology as well as logistics and 
their solutions are highlighted in further detail 
by example of the high alpine linthal 2015 
pump-storage power plant, currently the 
biggest energy-related construction project in 
switzerland with both a pump and turbine output 
of 1,000 MW.

Despite the detailed planning and 
preparation, during inclined shaft tunnelling at 
42° (D=5.20m) a fault zone was run into that 
was not predicted and unknown in terms of 
its type, scope and extent. it was a karst and 
was subsequently found to have a length in the 
tunnel axis of approx. 15m. 

Inclined hard rock TBM before reaching the first pressure shaft

Those responsible developed a system 
consisting of a pipe-bridge and a pipe-roof to 
guide the TbM over the karst, of liner-plates 
to secure the tunnel, and of what are known 
as cassettes so that the TbM and the backfall 
safety device were supported both over and 
beyond the karst.

2 ConClusion

To enable the exceptionally demanding tasks 
facing the JV KWl led by the Marti Group during 
the construction of the linth-limmern pumped 
storage power plant to be performed with the 
appropriate quality and on time, six main factors 
played a key role:

•	 a highly motivated, international, interdisci-
plinary and experienced team working with 
a genuine team spirit and contributing ex-
ceptional individual skills in a highly target-
focused manner with know-how covering all 
the necessary areas.

•	 Most of the work has been carried out by 
the Marti Group in-house, including plant 
engineering for gravel treatment, continuous 
conveyor, raise drilling.

•	 a clearly structured and functioning organi-
sation with clearly communicated goals and 
precisely allocated responsibilities.

•	 Very great confidence in each other and 
extremely good communication between all 
the participants both within the construction 
JV and with the client.

•	 excellent equipment 
•	 a powerful logisticsystem 

KeYWorDs: success factors, underground pumped storage power plant, linth-limmern
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1 inTroDuCTion

This paper links the hydraulic and migration 
of hydrocarbon in unlined storage caverns to 
spatially heterogeneous nature of rock mass 
by directly applying Dfn model. To reach 
this goal, first, a special algorithm, so-called 
“migration tracing” was developed based on 
the pathways analysis in the Dfn model and 
applying the migration cessation criterion. a 
computational code, so-called “fneTf”, was 
developed to generate DFN, solving fluid flow 
equation along fractures, and migration tracing 
of hydrocarbon. Fluid flow in fracture network 
was numerically simulated for different outer 
boundary hydraulic conditions assigned by 
different groundwater pressures of water curtain 
and height of oil in the storage cavern. after 
fluid flow simulation, the hydrocarbon migration 
through fractures around storage cavern was 
traced based on the developed algorithm. 
finally, the assessment achieved to expect the 
occurrence of hydrocarbon migration with detail 
hydraulic conditions characterized by numerical 
simulation of fluid flow in constructed hydro-
geological Dfn models

2 ConClusion

The host rock masses for unlined hydrocarbon 
storage are usually hard, massive with few 
discontinuities where the influence of fractures 

on groundwater flow and hydrocarbon migration 
cannot be negligible. in such situation, most 
of hydrocarbon migration occurs through the 
intricately connected fracture network. Therefore, 
the hydrocarbon migration can be prevented 
by ensuring a specific water pressure in the 
fracture system and special hydraulic conditions. 
However, the hydrocarbon migration is found to 
be very sensitive to details of fracture geometry 
and as a consequence, local migration paths 
may develop around storage cavern through the 
intricately connected fracture network, despite 
the presence of a water curtain. in this case, 
the design of a unlined storage cavern under 
the assumption of homogeneous rock mass and 
with the condition that the absolute pressure in 
every point around the caverns must be higher 
than inside the caverns is not enough sufficient. 
it is recommended that practical design of urCs 
be based on the some margin of safety against 
uncertainty of fracture geometry and fluctuations 
in the pressure head of water curtain and the 
stored hydrocarbon. With sufficient information 
of fracture geometry and hydraulic condition, 
the developed methodology can be applied 
to model fluid flow and hydrocarbon migration 
through the interconnected fractures around 
storage caverns. Through this application, a 
better understanding can be reached on the 
processes and the phenomena that take place 
in the complex domain of natural fractures. 

KEYWORDS: DFN, URC, Hydraulic Confinement, Hydrocarbon Migration, Water Curtain.
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1 inTroDuCTion

in the Wanta-sunglin hydropower project of 
Taiwan Power Company, a 5,947m-long tunnel 
passing through metamorphic slate formations 
was constructed by naTM method. before the 
breakthrough of this tunnel in 2011, due to the 
variation of geological conditions, the excavation 
was blocked by shear zones with squeezing 
and creeping effects, until remedial measures 
and supporting adjustment were applied. 
Beside the difficult geological conditions, part 
of the alignment of this tunnel underpasses 
the Chuoshui river, which makes the support 
design even more challenging (see figures 1).

This paper summaries the support designs, 
the tunnel deformation instrumentation, and the 
feedback analysis. in addition, the treatment 
and reinforced adjustment for the sections of 
river underpassing and shear zones were also 
illustrated and discussed. 

figure 1. General layout of Wan-sung hydropower project.

2 ConClusion

The experiences from this case of tunneling in 
slate formations are summarized as below. for 
the type iV and type V clayey slate formations, 
the rock can be weakened by stress release or 
groundwater, which induces large deformation. 
However, the stress release effect is less 
significant 1 D away from excavation. The 
squeezing deformation could be divergent 
without remedial reinforcement. The creep type 
deformation can last for more than 2 months. 
for the case the concrete lining without any 
crack, the excavation was stabilized and the 
lining is on the safe side.

for the excavation in shear zone, the 
pre-excavation deformation could be more 
than 70% of the total deformation. Therefore, 
support right after excavation is suggested. 
As it is difficult to obtain the representative 
samples to obtain the design parameters, the 
overestimation of parameters could induce 
the underestimation of the deformation. 
adjustment of parameters with instrumentation 
measurement of feedback analysis is necessary 
for a better numerical analysis. for the tunneling 
in slate formation, especially with a shear 
zones, detailed instrumentation are essential 
for feedback analysis and support adjustment in 
the construction phase.

KeYWorDs: slate, support design, river passing, shear zone, creep, instrumentation.
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Discontinuities on Hydrogeology of Underground Oil Storage 
and Hydrodynamic Containment

M. K. song
University of Nottingham Malaysia Campus, Semeniyh, Malaysia.

1 inTroDuCTion

Hydrogeology and hydrodynamic containment 
in the field of underground storage of oil product 
are one of the key important elements in terms 
of its essential functionality of underground 
cavern as a container just as aboveground 
storage tanks. 

Hydrodynamic containment concepts 
for oil and gas containment criteria are 
proposed by many authors like aberg(1977), 
Geostock(1984), Goodall(1988). The principles 
of the storage of  oil products in underground 
cavern is fundamentally achieved by maintaining 
high hydraulic gradient toward storage cavern, 
thus maintaining high flow rate of ground water 
against leakage of oil and gas. in locations, 
where condition is not naturally given, it should 
be provided by so called water curtain system to 
ensure hydraulic gradient. 

Therefore, hydrogeological behavior 
predicted during design stages should indicate 
intact hydrodynamic containment in the model 
space generated based on information of 
geology and hydrogeology available at the time 
of site investigation. in this respect, validation 
process for initial hydrogeological model with 
following observation during construction is 
essential to assure hydrodynamic containment 
and validity of various estimations.     

 Whereas actual ground condition is 
inhomogeneous and anisotropic in most cases, 
continuum based modeling approach seems to 
be dominant in practice most probably due to 
relative simplicity in handling of discontinuous 

geological structures in modeling by concept of 
homogenization of representative elementary 
volume(reV). 

in this paper, contemplation is carried out on 
effect of discontinuity on the validation process 
of hydrodynamic containment with continuum 
based and discontinuum based hydrogeological 
analysis as in figure (1), which is showing 
histogram of statistical variation and scattering 
of hydraulic gradient along the joints of cavern.

figure 1. Histogram of hydraulic gradient(Pi 2bar)

2 ConClusion

as a conclusion, the trial to link up the 
hydrodynamic containment criteria is carried 
out using both continuum and discontinuum 
analysis methods. from the analysis scattering 
of hydraulic gradient near cavern perimeter is 
observed and due to this reasonable safety 
factor should be adopted to reflect the variation of 
hydraulic gradients of discontinuous rockmass. 

KeYWorDs: storage Cavern, Discontinuity, Hydrogeology, Hydrodynamic Containment
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KeYWorDs: Jointed rock mass, strain-dependent, Hyperbolic model

1 inTroDuCTion

seismic analyses of the intersection of a shaft 
and an inclined tunnel were performed based 
on experimental results obtained with the 
developed nonlinear dynamic module. analysis 
results showed that vertical and horizontal 
displacements seen in nonlinear analysis 
are larger than those seen in linear analysis. 

also, nonlinear analysis shows bigger bending 
compressive stress acting on shotcrete. 
bending compressive stress is concentrated in 
the intersection part. Through this research, the 
fundamental understanding of strain-dependent 
jointed rock mass behaviour is improved, and 
the analysis process can be applied to field 
design and analysis.
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Storage of highly compressed gases in underground Lined 
Rock Caverns – More than 10 years of experience

P. Tengborg
Rock Engineering Research Foundation (BeFo), Stockholm, Sweden.

J. Johansson
Naturgasteknik, Stockholm, Sweden.

J. G. Durup
Underground storage expert, Berlin, Germany.

1 inTroDuCTion

The world’s first LRC (Lined Rock Cavern) 
storage facility is since 10 years in commercial 
operation as a part of the swedish natural 
gas grid. before that, the storage facility was 
thoroughly tested to verify the function and 
performance of the different parts. The project 
was financed by E.ON and Gaz de France Suez, 
with partial support from the european union. 

unlike the conventional underground 
gas storage technology, which relies on 
the existence of large salt caverns, aquifer 
formations and depleted oil fields, the LRC 
concept provides an option of greater flexibility 
in several aspects. also, with a growing demand 
for storage of other gases and energy storage 
the technology can serve several different new 
needs, such as “High Performance natural Gas 
storage” (HPnGs), Compressed air energy 
storage” (Caes), or hydrogen storage.

The swedish lrC storage facility consists of 
one lined cavern with a geometrical volume of 
40 000 m3. The maximum operation pressure is 
200 bar and the maximum stored gas volume is 
10 mnm3.

for future lrC plants it is expected to 
increase the cavern size up to 120 000 m3. With 
typical maximum storage operating pressures in 
the range of 15-30 MPa, the stored gas volume 
will be 23-38 Mnm3 per cavern.

any desired total storage volume can be 
achieved by building the appropriate number of 
caverns (module thinking), as illustrated by the 
example in figure 1.

 
 

 

figure 1. layout illustration of four lrC caverns.

2 ConClusion

The lined rock cavern (lrC) storage concept 
is the newest underground cavern storage 
technology, with now ten years of successful 
operational experience. 

The characteristics of lrC to cope with 
high fluctuation in production and consumption 
scenarios is decisive when it comes to meeting 
the growing demand for energy storage in future 
energy systems, with an increasing portion of 
intermittent energy production from solar and 
wind power plants. 

The successful lrC Demo project has 
proved that:

•	 reliable design tools for lrC are available
•	 Construction methods are existing and proven
•	 There is a good knowledge of how to benefit 

from lrC storage in an energy system.

KeYWorDs: gas storage, Caes, lrC, lined rock cavern, underground gas storage
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Overcoming the geological and design related challenges of 
the 510 MW hydropower project of Cerro del Águila (Peru)
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Lombardi Engineering Ltd., Minusio, Switzerland.
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Studio di geologia e geomeccanica, Verona, Italy.

1 inTroDuCTion

The 510 MW hydropower project Cerro del 
Águila (figure 1) is currently under construction 
in the external Peruvian andes, in the 
amazonian watershed. it exploits the water of 
río Mantaro with a head of 267 m and a design 
flow of 210.5 m3/s.

The project includes a 80 m high gravity 
dam, a 5.7 km long headrace and a 1.9 km 
long tailrace tunnel, both with a 93 m2 simplified 
horseshoe section, a 250 m high pressure shaft, 
a 40 x 86 x 18 m powerhouse cavern located 
350 m underground, and various surge, access 
and construction tunnels. all underground 
excavations are carried out by drill and blast.

2 CHallenGes anD soluTions

The project has several challenging features. 
The headrace tunnel of more than 10 m section 
height runs under a maximum overburden 
of more than 1600 m in a mixed geological 
environment of competent, highly metamorphic 
paragneisses, intruded by granites, introducing 

the probable threat of rock burst in intact 
sections, and convergences in disturbed 
sections. Particularly challenging will be the 
crossing of the intrusive contact, introducing a 
rock mass contrast under 900 m of overburden.

recent tectonics and erosion have created 
a spectacular topography, fracture patterns 
and more than 125 m thick colluvial/landslide 
deposits particularly in the powerhouse area, 
putting challenges for the construction of adits 
and tunnel portals and the assessment of the 
rock mass conditions for excavating the power 
house cavern under a strongly inclined slope.

besides the geological and geotechnical 
investigations carried out during the feasibility 
and basic design studies, the subsurface 
conditions are evaluated as follows: The risk of 
rock burst/ convergences in the headrace tunnel 
are assessed by forecasting and monitoring 
during excavation. The positions of the large 
caverns are aligned with in-situ stress and 
joints orientation, accounting for forecasted 
rock mass conditions. Monitoring will be done 
during excavation. The tightness of the rock 
mass along the pressure shaft was evaluated 
by hydrojacking tests.

figure 1. Vertical section along the headrace-tailrace tunnel system.

KeYWorDs: drill and blast tunneling, large overburden, rock burst.
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Mining Engineering, Barcelona, Spain.

e. savin
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1 inTroDuCTion

The design, construction and exploitation of 
long and deep tunnels is always associated with 
important geological risks, principally linked to 
the lack of detailed geotechnical information 
along the alignment and to the high lithostatic 
stresses generally present in the rock mass at 
tunnel depth. an improper management of these 
hazards has often serious consequences on the 
project schedule, costs and safety conditions.

for such reasons, within the context of 
the Diquís Hydroelectric Project in Costa 
rica owned by iCe (Instituto Costarricense 
de Electricidad), a detailed TbM construction 
method feasibility study has been performed for 
the 10.5km long headrace tunnel. The feasibility 
study has been centered on an accurate risk 
analysis to identify, since the very early design 
stage, the existing geological hazards and 
define the most suitable mitigation measures, 
within hard rock TbM excavation, which best 
allow to minimize the residual risk associated to 
the identified criticalities.

2 risK analYsis

The planned  headrace tunnel mainly runs, 
with ground cover ranging between 20m and 
685m, in two distinct geological formation, 
both of sedimentary origin: the Curré formation 
and the Térraba facies Lagarto formation; the 
continuity of this second formation is frequently 
interrupted by the presence of Gabbros 
intrusive bodies belonging to the Puerto Nuevo 

formation, located in the weakness zones of the 
sedimentary rock mass.  

following a careful study of the available 
geological, hydrogeological and geotechnical 
information, six main geological hazards 
concerning the headrace tunnel TbM excavation 
method were identified; they are defined in 
Table 1.

Table 1. risk analysis for headrace tunnel TbM excavation: 
hazards identification

Hazard
a squeezing rock mass behavior
b Confined aquifer crossing 
C fault zone crossing
D Gabbros intrusive bodies crossing
e High temperature in tunnel

f
unstable face behavior in rock mass classes 
iii and iV 

3 ConClusion

The risk analysis performed within the Diquís 
headrace tunnel TbM feasibility study has 
allowed to promptly define the expected 
geological criticalities which possibly shall be 
faced during the tunnel construction phase.

as a consequence, mitigation measures 
concerning TbM features and technical 
specifications, segmental lining properties, 
most suitable tunnel alignment and additional 
required investigations could be defined since 
the early design stage to reduce the residual 
risk associated to each hazard to a minimum.

KeYWorDs: long and deep tunnels, headrace, hard rock TbM, risk analysis.
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1 inTroDuCTion

Drilling and blasting invariably causes 
damage to the surrounding rock mass during 
excavation. it is important to reduce damage 
to the surrounding rock mass as it adversely 
affects the safety and productivity of the men 
and machineries. rock mass damage leads to 
deterioration of rock mass strength due to newly 
generated or extended fractures, or the opening 
of, and shearing along, cracks and joints due to 
mining induced stress or blasting. 

authors have carried out an experiment at 
l&T- singoli-bhatwari hydro-electric power 
project (sbHPP) site, rudraprayag to measure 
blast induced damage to the surrounding 
rock mass using ultrasonic techniques and 
computation of rQD and core recovery. 
rock core samples of quartz biotite schist are 
obtained from four bore holes, two each in face 
and side wall of the head race tunnel of the 
sbHPP site. Drilling is carried out using triple 
tube core barrel so as prevent damage during 
drilling as well as to improve core recovery. 
rock samples are of nX size and 5.0 m in 
length. analysis of biD is carried out using 
geological logging, computation of rQD and 
core recovery and measurement of variation 
in sound velocity along the drill depth. average 
rQD and core recovery values at each of the 
coring locations are more than 70% and 90 % 
respectively. rQD for initial one meter reduced 
to as high as 25-40% of the average rQD due 
to blasting effect.  similarly, core recovery for 
initial one meter reduced to approximately 10 - 

15 %. Ultrasonic testing reveal significant blast 
induced damage in the initial one meter from 
the line of excavation. There is reduction upto 
16% in the sonic velocity of the rock mass in the 
initial one meter. Damage in the rock mass up to 
2.0 m is significant as it reflect reduction in the 
ultrasonic velocity up to 10% of average values in 
all the locations. blast induced damage is more 
in the direction parallel to foliation direction of 
the rock mass. it is also observed that ultrasonic 
technique for damage assessment may not give 
accurate results due to natural variation in the 
rock mass beyond approximately 2.5 m depth 
due anisotropic nature of rock mass. 

2 ConClusions

Damage assessment using ultrasonic 
techniques reveal that there is approximately 
15 % reduction in ultrasonic velocity up to 1.0 
m depth from the excavated tunnel periphery. 
The rock mass up to 2.0 m surrounding the 
excavation are adversely affected by the 
blasting process. It is difficult to characterize 
zone of disturbance beyond 2.0 m due to natural 
variation in ultrasonic velocity on account of the 
anisotropic rock mass. Damage due to blast is 
reflected by the RQD and CR values. There is 
reduction of 10-15 % in rQD of values of initial 
one meter compare to average rQD values of 
the complete bore hole. This observation hold 
true for all the bore holes. 
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When does brittle failure become violent? Spalling and 
rockburst characterization for deep tunneling projects

M.s. Diederichs 
Queen’s University, Kingston, Canada

1 inTroDuCTion

on brittle behavior in the form of spalling, wall 
buckling and sudden shear release can occur 
with audibly dramatic results but often no 
immediate impact on safety or tunnel operations. 
in heterogeneous geomechanical domains, 
however, the potential for violent rock system 
failure with dangerous and damaging energy 
release is possible.  brittle fracture and spalling 
can be easily predicted with conventional as well 
as more advanced rock mechanics tools.  The 
potential of energy release along proximal or 
distal fault structures can be estimated in mining 
environments where large geometry changes 
lead to large and predictable perturbations 
of geological structure.  The prediction of 
rockbursting in a tunnel environment, however, 
has eluded rock mechanics, in part due to the 
local and modest nature of the influence zone 
of a tunnel compared to a mining operation. it 
is nevertheless, possible to address this issue 
with available tools, refocused on this particular 
challenge. This paper brings together rock 
mechanics concepts, analytical approaches, 
numerical analysis, and empirical experience 
in north american mining as well as european, 
south american and asian tunneling to 
address the challenge of rockburst potential 
and prediction in deep tunnels, with a special 
focus on the andes and the special conditions 
encountered in this environment. 

 
 

 
 

figure 1.(top) burst-prone rock and (bottom) energy storage 
and release according to stress path.

2 ConClusion

This paper presents a number of rockburst 
types and mechanisms relevant to andean and 
alpine tunnelling. 

The paper relates these mechanisms to 
fundamental considerations for rockburst 
potential.

The paper briefly summarizes management 
and mitigations measures to be considered.

KeYWorDs: rockburst, spalling, deep tunnelling, support, safety
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1 inTroDuCTion

The link from the important central south 
American region to the Pacific, by means of 
a 14 km long highway tunnel under the agua 
negra pass, has been subject of studies for a 
long time. The tunnel is situated at an altitude 
between 3600 and 4100 m asl and has to fulfill 
extreme climatic and operational requirements. 
The newly undertaken design work focuses on 
the review of former project solutions, in order 
to reduce construction and operating costs. The 
paper shows how it was possible to rationalize 
the various project elements, by concentrating 
to the essentials, as e.g. the following issues: 

1) adapting the ventilation system; 2) using 
simple and unique design patterns (uniform 
tunnel elements, cross profile types, by-pass 
layouts); 3) flexibility in execution (excavation 
works by drill and blast, optimizing the use of 
insulation membranes); 4) using standard 
methods and refrain from sophistication. 
4) simple operating modes (no bidirectional 
traffic). The potential of rationalization has been 
explored by means of provisions along the whole 
chain “project requirements – concept – design 
– execution – operation”. The improvement has 
been possible thanks to the full reconciliation 
with the client and allows cutting the initially 
estimated construction cost to half. 
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1 inTroDuCTion

The Morro alto road tunnel was constructed 
between 2005 to 2009, starting its operation in 
december of 2010, after conclude the installation 
of a modern operational and safety package. 

The material in rock massive is basalt. 
During the excavation, in the middle third of 
the work, longitudinal faults appeared to dig in 
widths ranging from a few centimeters to 3 me-
ters, and forced an adjustment in the executive 
order. 

after reduce the advances from 4 m to about 
1.5 m, in the places with fault presence, the 
design of the works was adjusted, keeping the 
initial philosophy of sequential methods, with 
application of sprayed concrete, wire mesh and 
rock bolts, but more robust.

During and after the application of first phase 
support system, the workers saw some cracks 
in the concrete, and few peeling near the tunnel 
intersection, pk 31 and vicinity noticed it.

Due these occurrences, it was intensified 
the care with instrumentation, but did not 
identify any abnormality in the convergence 
measurements. after this, it was decided to 
make stress measurements in the massive 
using usbM overcoring Method, in one of cross 
passages between the tunnels (figure 1).

Proceedings of the World Tunnel Congress 2014 – Tunnels for a better Life. Foz do Iguaçu, Brazil. 
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1 INTRODUCTION 

The Morro Alto road tunnel was constructed 
between 2005 to 2009, starting its operation in 
december of 2010, after conclude the 
installation of a modern Operational and Safety 
package.  

The material in rock massive is basalt. 
During the excavation, in the middle third of the 
work, longitudinal faults appeared to dig in 
widths ranging from a few centimeters to 3 me-
ters, and forced an adjustment in the executive 
order.  
  After reduce the advances from 4 m to about 
1.5 m, in the places with fault presence, the 
design of the works was adjusted, keeping the 
initial philosophy of sequential methods, with 
application of sprayed concrete, wire mesh and 
rock bolts, but more robust. 

During and after the application of first phase 
support system, the workers saw some cracks in 
the concrete, and few peeling near the tunnel 
intersection, pk 31 and vicinity noticed it. 

Due these occurrences, it was intensified the 
care with instrumentation, but did not identify 
any abnormality in the convergence 
measurements. After this, it was decided to 
make stress measurements in the massive using 
USBM Overcoring Method, in one of cross 
passages between the tunnels (Figure 1). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 1. Overcoring test place. 

  The test results show that the strains have a 
nearly vertical direction and horizontal with 
values equal to 5.924MPa vertical stress and 
horizontal stress to 5.921MPa . The angle of 
relative vertical direction (U1) is only 1.672°. 

The two-dimensional numerical model using 
Phase2 software, version 7.0 of Rocscience Inc., 
performed to estimate the stress field. The 
horizontal stresses are proportional to the 
vertical stress. The ratio K0 ( h / v) ranged 
from 1 to 4 in order to achieve the results of the 
test in-situ. 

2 CONCLUSION 

Horizontal and vertical tensions that are closer 
to the measured stress are when the value of K0 
= 3.0 with vertical stress (Syy) equal to 5.8 MPa 
and horizontal stress (Sxx) equal to 4.6 MPa.  

With these results, the technical board of the 
consultant company decided that was not 
necessary to change the project for the level of 
K0, even higher than 1.0. 
 

Simulation of stresses around tunnels from measurements of 
convergence and Overcoring Method. 

E. A. Palma Filho 
EPL, Brasília, Brasil. 

A. C. Zingano 
UFRGS, Porto Alegre, Brasil. 
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figure 1. overcoring test place.

The test results show that the strains have 
a nearly vertical direction and horizontal with 
values   equal to 5.924MPa vertical stress and 
horizontal stress to 5.921MPa. The angle of 
relative vertical direction (u1) is only 1.672°.

The two-dimensional numerical model using 
Phase2 software, version 7.0 of rocscience 
Inc., performed to estimate the stress field. 
The horizontal stresses are proportional to the 
vertical stress. The ratio K0 (sh / sv) ranged from 
1 to 4 in order to achieve the results of the test 
in-situ.

2  ConClusion

Horizontal and vertical tensions that are closer 
to the measured stress are when the value of K0 
= 3.0 with vertical stress (syy) equal to 5.8 MPa 
and horizontal stress (sxx) equal to 4.6 MPa. 

With these results, the technical board of 
the consultant company decided that was not 
necessary to change the project for the level of 
K0, even higher than 1.0.

KeYWorDs: overcoring Method, rock stress, simulation.
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1 inTroDuCTion

sierra de Valle fertil is a mountain range located 
in the west of argentina, in  san Juan province. 
it is crossed by the national road 150, by a 
length of 40 km that includes six bidirectional 
road tunnels with a total length of 2000 meters.

The geological formations are various 
Carbonic-Permian (Paganzo basin) and Triassic 
(ischigualasto-Villa union basin) sedimentary 
rocks, in an area adjacent to the ischigualasto 
natural Park. The sierra has been formed by the 
reactivation of the basin during the formation of 
the andes (Pliocene-Pleistocene) with a thick-
skinned tectonics. GPs measurements show 
that Valle fertil fault, that is the west limit of the 
range, is a feature that separates two tectonic 
regions, with high seismogenetic potential.

The trace of the route follows a deep valley 
that cuts associated anticlinal folds.

all tunnels have the same horseshoe shape 
cross section. They were designed following 
criteria given by  “Cross section Design of bi 
directional road Tunnels” (PiarC, 2004).

The circular portion has an inner radius of 
5.68 m. The area itself is about 70 m2, which 
includes the area between the roadway, 
sidewalks and the inner perimeter (figure 1).

The first three tunnels, T1, T2 and T3, are 
developed through soft sandstones with siltstone 
and shale (middle Triassic). The next two, T4 
and T5, are in slightly cemented sandstones 
and conglomerates (lower Triassic) and the 
last, T7 is in rigid greywacke (upper Carbonic). 
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figure 1. Typical horseshoe section

The support provided by the design was 
estimated by using rMr and Q methods. five 
types of support were designed, modifying 
provisions of the rMr method. The portals were 
designed considering the minimum of the rock 
mass, using the type s5.

2 ConClusion

The tunnels excavated in stiff rocks (T4, T5 and 
T7) were less demanding than those provided 
for in the design. instead, the tunnels in soft 
rocks (T1, T2 and T3) required more supports 
than those stipulated in the design.

Convergence was monitored by 
measurements with extensometer tape sections. 
its measurements showed stabilization within a 
few weeks after the excavation. 

KeYWorDs: Valle fertil, road tunnels, sedimentary rocks.



TUNNEL OPERATION, SAFETY, MAINTENANCE,  
REHABILITATION, RENOVATION AND REPAIR





Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

269 

Rail tunnel enlargement strategies in S. Korea

s. K. ahn, M. sagong, J. s. lee, K. C. lee, J. H. lee
Korea railroad research institute, Uiwang-si, S. Korea.

where brief descriptions for each enlargement 
category were given, indicating there would be 
no single solution that could be adopted for any 
cases universally.

The paper has presented the enlargement 
strategies that would be adopted for the 
tunnels in Gyeongbu conventional line in 
order to accommodate the double stack train 
considering site conditions where new tunnelling 
was suggested for the case of long tunnels in 
rural environment, and the use of enlargement 
operation was suggested for the case of the 
tunnels in densely built-up urban environment.

This paper has presented a conceptual 
design of the special tunnelling machine to be 
adopted for the enlargement operation. no train 
operation could be disrupted using this machine 
owing to the fact that this machine proposed 
was designed to allow the surrounding earth to 
be excavated without demolishing the existing 
lining, thereby keeping all the track as well as 
the catenary components inside functional.

This paper has presented some findings 
obtained from the investigation into the coasting 
distance of the trains in Gyeongbu conventional 
line assuming the scenario where overhead 
catenary is being removed for facilitating the 
enlargement operation.

1  inTroDuCTion

Tunnel enlargement is a construction activity 
that would be conducted to the existing tunnels 
in order to increase their capacities either by 
allowing the extra lines or larger vehicles to be 
accommodated in the tunnels. because of the 
presence of the track structure as well as the 
overhead catenary that hamper any attempts for 
conducting the enlargement, the enlargement 
operation for rail tunnels would be considered 
even more difficult than the enlargement 
operation for road tunnels.

little attention however appears to have 
been paid to the art of tunnelling aiming to 
increase the cross-sectional are of the existing 
rail tunnels because of the difficulties involved 
if the tunnels ought to be kept at least partially 
functional during the enlargement operation, 
where the use of special equipment would be 
required as well as longer construction time is 
expected. There is a necessity arisen recently 
of accommodating the double stack train in a 
conventional line linking two largest cities of 
seoul and busan in s. Korea, i.e. Gyeongbu 
conventional line. This paper presents some 
findings obtained in the process of developing 
strategies for having the cross-sectional areas 
of these tunnels to be increased without causing 
major train disruption.

2  ConClusion

The paper has presented a summary of the case 
studies for the rail tunnel enlargement operation 

KeYWorDs: tunnel enlargement, tunnel construction, rail tunnel, train
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Widening the “Montedomini” tunnel in the presence of traffic: 
the evolution of the “Nazzano” method

G. Lunardi, A. Belfiore
Rocksoil S.p.A., Milan, Italy

a. selleri
SPEA Ingegneria Europea Spa, Milan, Italy.

r. Trapasso
Ghella Spa , Rome, Italy.

1 inTroDuCTion 

until just a few years ago, when a road tunnel 
consisting of two bores side-by-side needed to 
be enlarged while maintaining the tunnel in ser- 
vice, either a new bore was driven beforehand 
through which traffic was deviated or one of the 
two bores of the tunnel was closed, thereby re- 
ducing the level of service to users as a conse- 
quence.  a technique conceived of by the author 
was developed in italy at the beginning of the 
2000’s on the nazzano motorway tunnel. it 
enables a road, motorway, rail or metro tunnel to 
be widened without halting traffic and therefore 
without substantially affecting the level of service 
provided by the infrastructure and without the 
need for resort to expensive alternative routes 
through new bores, whether final or temporary, 
which moreover are not always feasible due to 
the lack of the necessary space.  after a brief 
description of the procedures employed in the 
first experimentation in the world of the method 
used to widen the nazzano Tunnel without 
halting traffic, an analysis is given below of the 
data acquired during the first experimentation. 
an illustration is then given of the improvements, 
modifications and develop- ments which were 
implemented in the second experimentation to 
widen a tunnel in the pres- ence of traffic, which is 
currently in progress on the Montedomini tunnel 
(a14 motorway). To guarantee the safety of 
users a special traffic protection shield designed 
to physically separate construction areas in the 
tunnel from those used for traffic flow is installed. 
The presence of a traffic protection shield has 

an appreciable effect on the working areas 
used to widen the tunnel and it also affects the 
choice of the type of construction significantly. 
Two types of technology were therefore cho- 
sen for the preliminary and the final linings that 
could be adapted to the construction site layout 
as constrained by the presence of a traffic pro- 
tection shield: - The mechanical precutting to 
preconfine the ground around future widened 
cavity; - The “active arch” technique, which 
consists of erecting an arch of prefabricated 
concrete segments below the intrados of the 
precut shell. This arch is then immediately 
rendered self- supporting by the action of a 
flat jack fitted in the key segment. The article 
explains the solutions sought to improve the 
construction method employed at nazzano  

2 ConClusion 

The experience acquired to date with the 
nazzano Tunnel and the Montedomini Tunnel 
demonstrates that today widening a tunnel 
with- out halting traffic is a real possibility to be 
con- sidered every time the upgrade of an ex-
isting infrastructure with sections that run un- 
derground in order to satisfy new and more dif- 
ficult traffic conditions must be assessed.

KeYWorDs: Widening; nazzano; aDeCo-rs.
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Cost-Effective Safety for Road Tunnels

M. bettelini
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1 inTroDuCTion

safe design and operation of underground 
infrastructures at times require a disproportionate 
amount of resources without a reasonable return 
in terms of safety. examples include overly 
sophisticated design, which results in high 
maintenance costs and excessive operational 
complexity, which cannot be adequately 
managed by the exploitation staff. Conversely, 
oversimplified design mostly leads to poor safety 
and to very expensive renovations. a balance 
between partly contradictory requirements must 
be sought for from the initial design phases on 
and must account for the whole life cycle of the 
different components. Human factors need to 
be considered with regards to both tunnel users 
and tunnel operating staff. although the behavior 
of drivers in tunnels is seen as paramount to 
tunnel safety, little evidence in practice is seen 
on how to deal with this effectively.

2 ToWarDs a neW eu DireCTiVe

road tunnel safety requires a set of minimum 
requirements that are not open to interpretation 
or lead to different levels of safety throughout 
europe. it also requires validated methods to 
demonstrate that the level of safety is met. 

a new eu directive should account also 
for tunnels outside the Tern network and 
should become clear about the methods of risk 
assessment to be used and try to harmonize 
these methods. The role of the scenario-
analysis needs to be made clearer as to the role 

of this method within determining the measures 
to be taken for tunnel safety. it should also allow 
for more flexibility where needed. Additional 
clarity on the need for well-trained staff and the 
certification of staff is needed. 

any framework for road tunnel safety should 
acknowledge that obtaining an adequate level 
of safety requires a mix of technical, procedural 
and human aspects. 

3 ConClusion

is cost-effective safety possible or is this 
a contradiction in terms? safety, linked to 
availability and comfort, certainly requires 
substantial efforts and resources. The authors 
conclude the following:

•	 Cost-effective safety can only be obtained 
through a holistic approach, which address-
es a issues that are deemed to be vital to 
road tunnel safety;

•	 standardized, validated models are re-
quired to base decision-making on. Techni-
cal standards are needed which harmonize 
those technical components critical to road 
tunnel safety;

•	 although in general there is no discussion 
to the basic requirements for road tunnel 
safety, there is a need to allow for flexibility 
providing it can be demonstrated this deliv-
ers an adequate level of safety;

•	 Human factors must be addressed to make 
cost effective and safe road tunnels possible.

KeYWorDs: tunnel safety, cost effectiveness, operation, eu directive.
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Ventilation of Rail Tunnels – State-of-the-Art and Trends

M. bettelini and s. rigert
Amberg Engineering Ltd, Regensdorf-Watt, Switzerland.

1 inTroDuCTion

new rail tunnels are very frequently equipped 
with emergency ventilation systems, while the 
vast majority of existing tunnels are still naturally 
ventilated. The paper reviews the technical and 
historical reasons, which led to this situation 
and illustrates the major issues to be accounted 
for while assessing the need for a ventilation 
system for a rail tunnel. 

Ventilation systems represent a very 
appealing measure for reducing the potential 
damage of fire and increasing the safety level of 
rail tunnels and are needed in case of extreme 
climatic conditions.

2 rail-Tunnel VenTilaTion

The objectives of tunnel ventilation are usually 
related to:

•	 normal operation, with focus on air quality, 
including temperature and humidity

•	 Maintenance, with focus on quality of work-
ing environment

•	 Safety in case of fire.

in naturally ventilated tunnels, longitudinal 
velocity cannot be controlled and thus smoke 
propagates in an unpredictable manner. 
Mechanical ventilation systems allow for proper 
control of smoke propagation. emergency 
ventilation must provide best possible conditions 
for self-rescue and intervention.

longitudinal ventilations mostly use jet 
fans, which offer a maximum of flexibility at 

comparatively low cost. Viable alternatives are 
saccardo nozzles and tunnel doors.

emergency stations are usually realized 
every 20 km in long and very long rail tunnels. 
fresh-air supply and smoke extraction are 
required for proper safety.
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figure 8. Typical state-of-the-art tunnel system with 
emergency station.

3 ConClusion

fires in rail tunnels are rare but must be 
accounted for, because their potential for loss 
of human life and material damage can be 
enormous. The analysis of a number of recent 
tunnel projects showed, that in many cases 
tunnel ventilation represent an essential element 
of the safety chain.

The main advantages of mechanical 
ventilation for rail tunnels are:

•	 Chances of self-rescue can be significantly 
improved through mechanical ventilation.

•	 intervention, depending on the means at 
hand, is much simpler and safer with ven-
tilation.

KeYWorDs: ventilation, rail tunnel, emergency.
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Research Situation Analysis of Operation Tunnel Lining 
Surface Diseases

l. biao, Q. Wenge, l. Kai, G. lun.
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Southwest Jiaotong University, Chengdu 610031, China

1 inTroDuCTion

Characters of diseases detection of tunnel 
lining surfaces based on images have many 
merits. research situation of tunnel lining 
surface disease detection technology includes 3 
types: line-scan imaging, 2D imaging, 3D laser 
scanning.

line-scan camera imaging system modules 
are plotted as figure 1. The schematic diagram 
is as figure 2. 

 
 

Image Collection
Module

Image Synthesis
Module

Image Analysis
Module

Illuminators

Anti-vibration Device

Speed detection Device

Pan/Tilt Device

Image Acquisition Card

Image Enhancement

Image distortion correction

Image Stiching

Crack Recognition

Crack Character Extraction

Line-scan Cameras

 

figure 1. Module partition of tunnel disease inspection system 
based on line-scan imaging

 
 

Line-scan
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Car

Lining Inner
Contour

Illuminators

 

figure 2.Tunnel inspection schematic diagram

ordinary digital camera is seldom used in 
lining surface defect detection. 3D laser scanning 
equipment is not often used in disease detection. 
The result of comparing different kind of detecting 
machine is showing below in Table 1:

Table 1.Comparison of detecting devices used in different 
tunnel lining disease

Types
survey speed 

of imaging
Precision 
of survey

merit weakness

line 
scanning 
machine

≥10km/h <1mm
High speed. 

High precision

hard to 
control 

sampling 
effect

normal 
digital 
camera

<500m/h <6cm
large sampling 

area at one 
time

low speed 
and low 

precision of 
survey

3-D laser 
scanning 
machine

GrP5000
：1km/h

>1mm

easier to 
analyze break, 
smoothness, 
structure, 3D 

imaging

low speed 
of scanning, 

high precision 
of survey

faro 
focus3D 

120:0.6km/h

2 ConClusion

Currently lining surface diseases of operation 
tunnel are mainly studied based on digital image 
processing and image recognition technology.

line scan imaging technology is very 
suitable in the field of detecting tunnel lining 
surface’s disease. 3-D laser scanning imaging 
technology, sometimes, under special 
circumstance, can be used in the application of 
detecting the diseases in the tunnel. While due 
to the weakness in self-structure, it is relatively 
difficult to promote normal digital camera in 
detecting tunnel disease in the days to come.

KeYWorDs: operation tunnel, surface cracks, detection
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Application to the Reliability Index of Tunnel Maintenance based 
on Field Inspection

J. H. Choo, T. J. lee, T. G. Yoon, Y. s. shin
KISTEC, Goyang, South Korea.

i. M. lee
Korea Univ., Seoul, South Korea

1 inTroDuCTion

28 sections of seoul Metro are inspected by 
KisTeC for 1.5 year. each section is evaluated 
with visual inspection and durability tests as well 
as numerical analysis. accoriding to Duracrete 
(2000), carbonation-induced corrosion is 
chosen for estimating state limit function. 
semi-probabilistic model is applied to consider 
the field feasibility. Also, the reliability index is 
introduced to assess the priority of durability for 
rational judgment. 

2 Tunnel MainTenaCne

for the priority of maintenance, the reliability 
index with semi-probabilistic mode is introduced 
based on carbonation-induced corrosion. both 
the strength and visual inspection are estimated 
to have rational judgment for maintenance. each 
section is compared and analyzed with different 
combination for case studies: rebound number, 
sonic speed, depth of carbonation, cover, state 
assessment, and density of crack per sheet.

limit state function is formulated with 
carbonation-induced corrosion. The estimated 
reliability index with semi-probabilistic method 
for each section is considered by 100 target 
year. The simple calculation with eXCel is 
feasible and easy to use in field circumstances. 
The calculation of reliability index is procedure 
in figure 1.

3 ConClusion

state assessment via guideline of KisTeC 
differs from the proposed assessment based 
on the reliability index. The density of over 
0.3mm wide crack is quite reasonable for 
the reinforced structure to be vulnerable to 
accelerate the deterioration. among 503 
sheets of 28 sections, the upper 10% area is 
chosen to maintain by priority.

figure 1. Calculation of reliability index with visual inspection 
and limit state function. 

limit state function with carbonation and 
concrete cover is feasible for updating with the 
field data and better resolution for next PISD. 
based on case studies, the priority section is 
chosen to be repaired in advance. 

KeYWorDs: reliability index, PsiD, Diagnosis, inspection, Durability
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Use of 3D Scanning Technology for Automated Inspection of 
Tunnels

J. laurent and r. fox-ivey
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Euroconsult Group, Madrid, Spain

1 inTroDuCTion

Significant advances in high-speed 3D imaging 
technology have been made in the last decade 
and there are now commercial, off-the-
shelf, solutions for automatically evaluating 
infrastructure condition at high-speed. one 
such device is the laser Tunnel scanning 
system (lTss) developed by Pavemetrics; 
a “spin-off” of the national optics institute of 
Canada. The lTss system utilizes high-speed 
cameras, custom optics and laser line projectors 

KeYWorDs: 3D imaging, 2D imaging, High-speed Tunnel scanning, laser line Projectors

to acquire both 2D images, and high-resolution 
3D profiles, of infrastructure surfaces at speeds 
up to 100 km/h. 3D scanners of this sort offer 
numerous advantages to traditional manual 
inspection methods. This presentation will 
explore the application of 3D laser scanning 
technology to the activity of tunnel inspection. 
The discussion will include a discussion of the 
practical achievable levels of data precision 
and accuracy obtained during testing the 
Guadarrama and regajal rail tunnels in spain.
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Tunnels
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1 inTroDuCTion

in norway we now have 32 subsea road 
tunnels, and more are to be built in the coming 
years. up to now operation and maintenance 
cost has been underestimated. Partly because 
there has been a relatively low standard in the 
road tunnels in norway, but also because of 
the new regulations given among others from 
the eu. another parameter is that operation 
and maintenance cost has not been sufficiently 
taken into account when planning and building 
new tunnels. The objective of the operation 
and maintenance of subsea road tunnels: • 
Maintenance of all functional requirements 
for the tunnel and installed infrastructure • 
optimization of the maintenance level and 
frequency. General definition of operation and 

maintenance -operations are all the tasks and 
procedures that are required for a construction 
or an installation to work as planned - 
Maintenance is all of the measures that are 
necessary to maintain a plant or a construction 
on a fixed-quality (maintain a certain minimum 
quality requirement). The choice of solutions 
based on the optimal life span for equipment will 
become more and more important for operation 
and maintenance. subsea road tunnels have 
a characteristics of steep gradients when you 
drive in and  out of the tunnels. and of course the 
water coming in to the tunnels has to be pumped 
out.  a special program called Plania is used 
to take care of the planning of maintenance and 
also the documentation of the work we have 
done in the different tunnels.
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Deformation mechanism and effect of countermeasure for 
tunnel under swelling rock condition

n. isago, K. Kawata, a. Kusaka, D. awaji and T. ishimura
Public Works Research Institute, Tsukuba, Japan.

1 inTroDuCTion

Deformation during service stage is grasped 
by periodical inspection in service stage and 
countermeasure is performed as needed in road 
tunnel.  recently some cracks over permanent 
lining and pavement, and heaving of the road 
surface often have occurred, however, it is 
difficult to discuss the development process 
of such deformation by the data acquired from 
construction and service stage.  in this paper, 
the deformation mechanism and the effect of 
countermeasure are discussed through the 
result from in-situ measurement and numerical 
analysis simulating countermeasure.  firstly, 
the tunnel lining was observed and examined 
by up-close visual inspection and hammer 
strike test over the three years.  Two borings, 
whose directions were horizontal and vertical, 
were done to investigate the characteristics of 
ground in the area where the heaving of road 
surface heavily occurred.  also, the condition of 
tunnel permanent lining and the ground behind 
it were checked and some rock material tests 
were done by using the bored core.  next, the 
development of deformation was analyzed 
by numerical analysis and its mechanism 
was examined and the effect of inverted arch 
concrete as countermeasure was discussed.

2 ConClusion

The development of defect and deformation was 
clarified by the observation and measurement 
results of ground and the relation between 

actual spalling and the evaluation in tunnel 
inspection was clarified.  Also the relation 
between the mechanism of tunnel deformation 
and the occurrence of defect was examined with 
the data by boring.  as a result, the mechanism 
of tunnel deformation when the characteristics 
of ground indicated the swelling condition, and 
the relation between the load acting on tunnel 
lining and the behavior of countermeasure 
were clarified.  Furthermore, the measurement 
of heaving of roadbed, convergence and the 
displacement in ground will be continued and 
the change of depth of displacement in ground 
and its influence on the deformation of tunnel 
structure will be examined, as well as the 
detailed numerical analysis.

Proceedings of the World Tunnel Congress 2014 – Tunnels for a better Life. Foz do Iguaçu, Brazil. 

1 

1 INTRODUCTION 

Deformation during service stage is grasped by 
periodical inspection in service stage and 
countermeasure is performed as needed in road 
tunnel.  Recently some cracks over permanent 
lining and pavement, and heaving of the road 
surface often have occurred, however, it is 
difficult to discuss the development process of 
such deformation by the data acquired from 
construction and service stage.  In this paper, 
the deformation mechanism and the effect of 
countermeasure are discussed through the result 
from in-situ measurement and numerical 
analysis simulating countermeasure.  Firstly, 
the tunnel lining was observed and examined by 
up-close visual inspection and hammer strike 
test over the three years.  Two borings, whose 
directions were horizontal and vertical, were 
done to investigate the characteristics of ground 
in the area where the heaving of road surface 
heavily occurred.  Also, the condition of tunnel 
permanent lining and the ground behind it were 
checked and some rock material tests were done 
by using the bored core.  Next, the 
development of deformation was analyzed by 
numerical analysis and its mechanism was 
examined and the effect of inverted arch 
concrete as countermeasure was discussed. 

2 CONCLUSION 

The development of defect and deformation was 
clarified by the observation and measurement 

results of ground and the relation between actual 
spalling and the evaluation in tunnel inspection 
was clarified.  Also the relation between the 
mechanism of tunnel deformation and the 
occurrence of defect was examined with the 
data by boring.  As a result, the mechanism of 
tunnel deformation when the characteristics of 
ground indicated the swelling condition, and the 
relation between the load acting on tunnel lining 
and the behavior of countermeasure were 
clarified.  Furthermore, the measurement of 
heaving of roadbed, convergence and the 
displacement in ground will be continued and 
the change of depth of displacement in ground 
and its influence on the deformation of tunnel 
structure will be examined, as well as the 
detailed numerical analysis. 

 
Figure 1. Characteristics of ground from boring and 

displacement in ground. 

Deformation mechanism and effect of countermeasure for tunnel 
under swelling rock condition. 

N. Isago, K. Kawata, A. Kusaka, D. Awaji and T. Ishimura 
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Recovery of Collapse and Restoration of Tunnel Belonging to 
the Water Supply System

D. f. M. Melo, i. G. bastos, r. s. araújo, H. G. Jarrouge neto and r. Kochen
GeoCompany Technology, Engineering and Environment, Barueri, Brazil.

1 inTroDuCTion

underground structures require maintenance 
services and, if necessary, recovery, since they 
may suffer structural damage both during its 
construction as during its lifetime, by natural 
wear and tear or for associated geological-
geotechnical risks. This article presents the 
measures adopted for recovery of collapse 
and tunnel restoration, executed by naTM 
method, located in the city of Mogi das Cruzes 
and belonging to the water supply system 
of são Paulo City, brazil. We also present 
local geological aspects, diagnosis of rupture 
occurred, inspections and mapping of excerpts 
to be strengthened, short, medium and long 
term measures to be adopted and geological-
geotechnical risks after recovery of the collapse.

The Tietê/Jundiaí interconnection system 
was conceived in the 1990s to meet the water 
demand of the Metropolitan region of são Paulo 
(rMsP) that provides treated water to 3.5 million 
inhabitants of the east Zone of the MrsP.

This article approaches the recovery and 
restoration of the rupture in the Tunnel 2, a 
hydraulic tunnel linking dams with capacity to 
flow 9m³/s. Tunnel 2 was in operation without 
incident or significant incident for over 10 years, 
when its obstruction occurred by breaking effect 
in the vicinity of progressive 1,400 m, from the 
upstream portal. figure 1 shows an overview of 
rupture. The rupture was observed from the flow 
reduction to 2m³/s.

 

figure 1. overview of collapsed section.

The following activities were provided for 
recovery of the collapse: 1) excavation of the 
rubble from the tunnel collapse, 2) removal of 
loosen rocks in the chapel formed by collapse, 
3) implementation of trellis ribs every 60 cm 
(or less) and welded screen, 4) application of 
shotcrete lining in tunnel Cap, 5) implementation 
of inverted arch in shotcrete or reinforcement of 
cap base with injected root pile and 6) filling of 
chapel with mortar injection.

2 ConClusions

The tunnel recovery and restoration was 
performed successfully, not requiring the 
interruption of water supply in são Paulo City.

KeYWorDs: tunnel, collapse, recovery, restoration.
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Durability performance of fiber reinforced shotcrete in 
aggressive environment
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1  inTroDuCTion

fiber reinforced shotcrete has been used since 
the early 70s with success to secure tunnel vaults. 
Mostly steel fibers are used. At first, the use of 
synthetic fibers in underground excavations 
was viewed as problematic, especially with 
regard to the long-term behavior in the cracked 
state. Many polyolefin-based plastic fibers have 
insufficient mechanical properties in shotcrete 
due to a low modulus of elasticity. However, 
through the addition of appropriate additives 
which increase the degree of crystallization and 
higher stretch levels it is possible to produce 
polymer fibers with increased mechanical 
properties. 

as consequence of stress at early or later age 
due to plastic or drying shrinkage, permanent or 
cyclic load stress, cracks may be formed which 
then serve as penetration paths for aggressive 
solutions. The fibers reinforcing and bridging 
such cracks may be deteriorated and hence lose 
their potential to bear tensile load which may 
lead to a reduction of the mechanical properties 
of the fiber reinforced shotcrete. 

Steel fibers in cracked concrete may corrode. 
Very few is known about the behavior of fiber, 
especially plastic fiber, reinforced shotcrete 
under cracked conditions. in particular, only a 
few long-term experiments on cracked fiber 
concrete in aggressive environments have been 
documented. in this study, shotcrete panels 
were exposed to different storage conditions 
for one year. before the exposure cracks were 
introduced. after the exposure the residual load 

bearing capacity was determined in a square 
panel test (figure 1). A microscopically analysis 
of the fibers was realized.

Figure 1. Square panel test of polymer-fiber reinforced 
shotcrete before (to a displacement of 3 mm) and after one 
year of exposure to a sulfate-solution (4g/l na2so4).

2 ConClusion

in cracked concrete durability problems may 
arise from an attack of the fibers under tunnel 
conditions by sulfate and salt solutions. it 
was shown that steel fibers in large cracks 
may corrode leading to a loss of the residual 
load bearing capacity. However, un-cracked 
shotcrete seem to protect the steel fibers at least 
in short term (1 year of exposure) experiments. 

Polymer fibers generally withstand such 
durability attacks better and in most cases no 
significant drop in the residual load bearing 
capacity is observed.

KEYWORDS: Shotcrete, steel fiber, polymer fiber, durability, sulfate, sodium chloride.
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Evaluation of Seismic Performance of Rapid-transit Railway 
Tunnel in use

H. K. Kim, Y. s. oh, T. H. lee and J. s. lee
Korea Infrastructure Safety and Technology Corporation, Gyeonggi-do Goyang-si, South Korea.

1 inTroDuCTion

recently, seismic design criteria for major 
domestic structures in Korea has been being 
improved constantly, because the importance of 
seismic design for major public infrastructures is 
largely recognized.

figure 1. seismic performance evaluation steps

seismic performance evaluations can be 
widely classified into a preliminary assessment 
of the seismic performance and a detailed 

assessment(see figure 1). A preliminary assess-
ment of the seismic performance for the existing 
rapid-transit railway tunnel, a precedent task 
before conducting a detailed assessment, can 
be used as the standard of judgement to decide 
whether to perform a detailed assessment or not. 
a detailed assessment of the seismic perform-
ance were conducted to evaluate a structural 
safety of tunnel sections, that are considered to 
be most susceptible to seismically by results of 
a preliminary assessment.

in this study, an assessment method was 
presented to evaluate a seismic performance 
of the existing rapid-transit railway tunnels 
which seismic design are not performed more 
econom-ically and rationally.

2 ConClusion

from this study, the following conclusions may 
be drawn.

1) 29% of tunnels were selected by the 
preliminary assessment and these 27 tunnels 
were carried out a detailed assessment.

2) Two different types of seismic analysis 
method were used to check the safety of the 27 
selected tunnels.

3) 100% of tunnel sections, which were 
considered to be most vulnerable to earthquake, 
were satisfied the design criteria.

4) as a result, the rapid-transit railway 
tunnels which seismic design were not applied, 
insure the seismic performance and additional 
seismic retrofit actions are not necessary.

KeYWorDs: seismic design, rapid-transit railway, Tunnel, seismic performance evaluation
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Development of Performance-Based Tunnel Evaluation 
Methodology and Performance Evaluation of Existing Road Tunnels

s. Kimura
Department of Civil and Environmental Engineering, Kanazawa Institute of Technology, 3-1 Yatsukaho, 
Hakusan, Ishikawa, 924-0838, Japan,

M. sugimoto
Civil Engineering Department, Nagaoka University of Technology, 1603-1, Kamitomioka-Chou, Nagaoka, 
Niigata, 940-2188, Japan

1 inTroDuCTion

This paper describes a method on the 
performance-based management of existing 
tunnels, focusing on maintenance stage. 
Fig. 1 gives the flow chart of overall process. 
Performance-based management criteria 
means a strategic management approach 
in consideration of the lifecycle of the tunnel 
through determination of evaluation indexes 
based on performance requirements at 
all phases of planning, survey, design, 
construction, and maintenance and through 
execution of performance verification based on 
such evaluation indexes. 

The basic concept of performance-based 
management criteria is to evaluate and verify 
the actual performance based on the same 
performance requirements for each phase of 
planning, design, construction and maintenance 
according to the use purpose (objectives) of a 
tunnel. 

The procedure for evaluating/verifying 
the actual performance by rating consists 
of identification of evaluation/verification 
indexes or alternative indexes for each item of 
performance requirements.

by going through the procedure described 
above, each evaluation value (TPI) for each 
construction span is represented numerically for 
all performance requirements in an integrated 
way. The probability distributions that represent 
the route and a set of TPI per section give total 
generalized evaluation of actual performance of 
the target route and section. 0 
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  Target structure (e.g.road,railway, power supply, communication, gas 
and sewage system) (Classified by construction method, e.g. 
mountain NATM, shield tunneling, and open cut method) 

 

Definition of performances requirements for tunnel structures 
(for use purpose (Objectives)) 

Determine the serviceability of a target tunnel  

Evaluating/verifying the actual performance by Total Performance 
Index (TPI) 

(current conditions in the maintenance phase) 

Determine the method of predicting future performance 
(Deterioration prediction method, future prediction based on inspection results) 

Strategic maintenance concept 

Life cycle cost based optimization (determination of method/timing 
of remedies and inspection intervals) 

Make decisions 

figure 1. Procedure for performance-based management.

2 ConClusion

in evaluating/verifying the actual performance 
based on performance criteria, although it is 
possible to quantitatively evaluate the actual 
performance, there is a lack of empirical data 
for determining the thresholds in verification. 
future research should focus on the collection 
of actual data to carry out technological studies 
to enhance the accuracy of evaluating/verifying 
the actual performance.

KeYWorDs: required performance, asset management, maintenance, analysis hierarchy process
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Stability, traffic safety and durability of underground structures 
during service time guaranteed by engineering inspection and 
supervision

r. Katzenbach, s. leppla
Technische Universität Darmstadt, Institute and Laboratory of Geotechnics, Germany

1 inTroDuCTion

To guarantee the stability, traffic safety 
and durability of underground structures a 
continuously inspection and supervision is 
necessary.

based on existing general standards and 
regulations for civil engineering structures 
a new concept for engineering inspection 
and supervision of tunnels and underground 
structures of urban metro systems has been 
defined by the Institute and Laboratory 
of Geotechnics of Technische universität 
Darmstadt, Germany. 

The developed concept consists of defined 
modalities and continuous procedures of 
inspection and supervision for sustainable 
preservation of underground structures by early 
identification and evaluation of insufficiencies 
and defects. The concept is shown in figure 1.

figure 1. engineering inspection and supervision of tunnels 
and underground stations of urban metro systems.

The concept consists of the following 
inspection and supervision procedures:

•	 standard inspection (e)
•	 main inspection (H)
•	 special inspection (s)
•	 supervision (b) in the structures and on the 

surface

The new concept is applied to the 
engineering inspection and supervision of the 
tunnels and underground stations of the urban 
metro system of frankfurt am Main, Germany, 
considering the following boundary conditions:

•	 type of construction, size, number and age 
of the underground structures

•	 soil and groundwater conditions
•	 practicability and economic efficiency of the 

modalities and procedures of the concept
•	 construction processes on the surface that 

have an influence on the underground struc-
tures

2 ConClusion

it is possible to transfer the developed concept 
to the urban metro systems of other cities by 
adapting the boundary conditions. Due to the 
fact that there are no standards and regulations 
of engineering inspection and supervision of 
tunnels and underground stations of urban 
metro systems an international regulation 
should be prepared.

KEYWORDS: Inspection, supervision, stability, traffic safety, durability, urban metro system, tunnel, 
underground station.
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Impact of Water Mist Fixed Fire Fighting Systems (FFFS) on 
the Safety of Users and on the Tunnel Structure – Evaluation 
based on Large Scale Fire Tests

r. leucker
Research Association for Underground Transportation Facilities – STUVA, Cologne, Germany

f. leismann
Research Association for Underground Transportation Facilities – STUVA, Cologne, Germany

1 inTroDuCTion

The given paper analyses the effect of the fffs 
on both, safety of users and structural safety 
based on results from the soliT2 project. 
Within the scope of the sollT2 project, the 
efficiency of water mist fire fighting systems in 
conjunction with fire ventilation in road tunnels 
was determined based on more than 30 major 
fire tests under realistic conditions (scale 1:1, 
pool fires with fire loads 30 to 100 MW, solid 
matter fires 100 MW). To evaluate the impact of 
FFFS the general fire development is presented 
on the basis of resulting temperature measure-
ments in the tunnel and inside its concrete 
structure.

The temperature development within a 
struc tural component, a concrete slab that was 
attached beneath the tunnel ceiling behind the 
fire load, is shown altogether with temperature 
measurements in the tunnel. five temperature 
sen sors were installed in this slab at 1 cm gaps. 
in this way it was possible to establish the time-
dependent temperature development in the 
material at varying depths (approx. 0.2, 1, 2, 3, 
and 4 cm from outside/below).

2 resulTs

The experimental results indicate that a water 
mist fire fighting system can positively influ ence 
the development of both solid and liquid fires. 
for both types of fuels, the water mist has a 
cooling effect on the fire load and the environ-
ment, so that temperatures in the tunnel are 

rising slower. especially in the area some meters 
downstream of the fire seat the positive effect is 
distinct. Thus the risk of fire spreading to other 
vehicles – demonstrated by the undama ged 
target during the tests – is reduced to a large 
extent. in addition, due to the lower tempera-
tures close to the fire an attack by fire fighters is 
reliably enabled.

For the assisted rescue and the fire fighting 
the temperatures in the area close to the fire 
on the upstream side must be sufficiently low. 
in tunnels without fffs this shall be ensured 
by sufficient (longitudinal) ventilation. However, 
this cannot reduce the radiation. reports of 
persons in the test tunnel and measurements 
show that the water mist shields heat radiation 
also of large fires (100 MW) to the extent that 
an approach to the fire load up to a few meters 
distance is possible.

Temperature-induced structural damage 
and the critical heating of the reinforcement in 
case of prolonged fire curves can be limited by 
the cooling and encapsulation effect when using 
a FFFS. The negative effects of the fire are due 
to the fire fighting system limited to a small area 
or even completely avoided. 

3 ConClusion

based on the obtained measurement results 
the effectiveness of water mist fire suppression 
systems in road tunnels could be confirmed. 
The experiments demonstrate the successful 
encap su lation of the fire by the water mist.

KeYWorDs: Tunnel safety, fire, large-scale Tests, fire fighting systems, fffs.
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The Inspection, Monitoring and Diagnosis of Tunnels

r. Malva
REFER, Lisboa, Portugal.

1 inTroDuCTion

This article will explain the strategy of inspection, 
monitoring and diagnosis of tunnels adopted on 
the national rail network.

in the point concerning to the inspection 
will be described the different types of existing 
inspection and the methodology of the works, as 
well as the associated human resources. Will be 
listed, characterized and evaluated according 
to the different degrees of seriousness the 
damages or the deficiencies registered during 
an inspection.

on the subject of monitoring is made a 
description of the methods and systems with 
more frequent application in tunnels. Will also 
be described its uses, specificities, advantages 
and disadvantages of each one.

Will also be described the additional tests 
and studies to support the diagnosis of the 
structures, seeking to give greater emphasis 
to the existing technologies. afterwards, all the 
support vehicles needed to the set of activities 
previously set out will be presented.

it is then explained how the diagnosis of a 
structure is made, the different degrees of the 
condition of a tunnel as well as the implications 
associated with each condition 

2 ConClusion

inspection is one of the main activities that allow 
full knowledge of the condition of a tunnel. in 
order to reach results with quality it is crucial 

that inspectors and inspection technicians are 
experienced, as also well trained.

The different types of inspections should 
be standardized according to the degree of the 
detail desired. also, the frequency of each type 
of inspection must be established. registered 
defects must be grouped by their origins and by 
their inherent association of pathologies in the 
type of lining. Moreover, each defect must have 
associated an index of severity.

Therefore, through a good detailed 
inspection and methodical record of all existing 
defects at that time, all following inspections 
are simplified. In addition, the works start to 
be comparatives. Having the knowledge of the 
previous records, the inspector’s work becomes 
more qualitative.

in monitoring were discussed the methods, 
techniques and systems most used in tunnels, 
having in mind the notion that the monitoring of 
a tunnel under construction is different from the 
monitoring of an operative tunnel.

The additional tests and studies, the 
inspections, all the instrumentation data, as 
well as all the available information, enable 
the diagnosis of the structure. as a result, the 
tunnels are categorized according to their 
condition into four classes.

based on this grouping, actions associated 
with each level are undertaken, which can go 
through some small maintenance works until, in 
higher levels of degradation, to the reduction of 
the monitoring frequency, or even to immediate 
intervention with emergency repairs.

KeYWorDs: Tunnels, inspection, monitoring, diagnosis, condition, consequences.
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The Scanning of Tunnels – The Portuguese Experience

r. Malva
REFER, Lisboa, Portugal.

r. Wißler
SPACETEC Datengewinnung GmbH, Freiburg, Germany.

1 inTroDuCTion

in april 2004 the national Portuguese rail 
network – refer ePe, together with the 
German company sPaCeTeC Datengewinnung 
GmbH, began the first digitalization campaign of 
the tunnels in the Portuguese rail network. in a 
period of three weeks, all tunnels in operation 
on the network, 88 tunnels with a total length of 
26.5 km, were scanned. The scanning consisted 
of visual and thermographic recording of the 
tunnel surface and measurement of the tunnel 
profile.

improvements through usage of scanning 
in the process of tunnel inspection and 
maintenance and of refurbishment projects 
were so significant that it was decided to carry 
out digitalization of the tunnels every five years. 
Thus, in 2009, a new scanning campaign for 90 
active tunnels and 10 tunnels not under railway 
traffic was executed and by 2014, the scanning 
of another 103 tunnels (29.9 km) is expected.

The present document aims to disseminate 
the benefits of digitization of tunnels among 
all participants. it describes the fundamental 
parts of the technology and its applications. 
The Portuguese experience in its usage is 
demonstrated with practical examples.

2 CHaraCTerisTiCs of THe 
TeCHnoloGY useD

The equipment used creates high resolution 
scan data in one single pass through the tunnel 
at a typical speed between 2 and 5 km/h.

scanning a tunnel creates a huge amount 
of data. Three kinds of datasets (channels) are 
produced as a result of the three properties 
measured: 

•	 Reflected intensity → Visual image
•	 Temperature → Thermal image 
•	 Distance → Cross-sectional profiles / 3D 

shape

3 ConClusion

With scanning, all productive aspects related 
to project and maintenance of tunnels were 
considerably improved. 

The entire inspection process has been 
improved considerably. it was possible to 
reduce the number of the inspectors on the field 
and with the availability of scans the inspections 
become more qualitative.

With the help of the Tunnel-inspector 
program, results from on-site inspections are 
readily available in a final format for further 
evaluation. At office, the diagnosis is simplified 
with the support of statistical tools. The software 
provides methods for analysis of damage 
development by comparison of successive 
inspections.

The usage of this technology improves 
all the production aspects of the Portuguese 
railway Tunnel Department. The changes were 
so significant that REFER EPE decided to do a 
digitalization of the tunnels in regular intervals 
of five years.

KeYWorDs: laser scanning, Portuguese experience, inspection, maintenance, improvements.
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Maintenance and Measures Adopted to Extend Useful Life of 
Tunnels at Tokyo Metro

Y.Mutou
Infrastructure Maintenance Dept., Tokyo Metro Co., Ltd., Tokyo, Japan

s. Matsukawa
Infrastructure Maintenance Dept., Tokyo Metro Co., Ltd., Tokyo, Japan 

1 absTraCT

Tokyo Metro operates a 195.9 km subway 
network in Tokyo. 

figure 1. Tokyo Metro network

Tunnel maintenance at Tokyo Metro includes 
regular inspections by visual inspection and 
hammering test, once every two years, and 
repair work based on the inspection results 
undertaken throughout the year. in the cut-
and-cover tunnel of the Ginza line, partial 
defects were observed in large numbers in the 
intermediate columns and longitudinal beams. 
These members were temporarily supported 
by a dedicated reinforcement framework for 
efficient repair work.

Moreover, studies are conducted and 
determinations made on the basis of an 
engineering approach regarding measures to 
be taken to extend their useful life.

a detailed survey of the Ginza line was 
conducted and diagnoses made and confirmed 
to ensure sufficient allowance in bearing 

capacity using load-bearing verification with 
three-dimensional structural analysis. forecasts 
of the progress of deterioration due to long-term 
carbonation indicate that measures against 
carbonation are not necessary.

figure 2. The concept of the crack prediction by carbonation

a detailed survey and diagnoses have also 
been started for sections where salt damage is 
considered possible. as a result, it has been 
confirmed that salt damage in the subway 
tunnels advances locally around points with 
water leaking.

2 issues for eXTension of THe 
useful life

in the future, essential maintenance points will 
include patient and careful inspections and 
repairs as part of daily maintenance, the use 
of sophisticated PDCa cycles of maintenance 
services involving the accumulation and analysis 
of data. on the other hand, the engineering 
approach must be directed to identifying the 
deterioration mechanisms in the environment 
unique to the subway tunnels. 

KeYWorDs: tunnel operation, safety, maintenance, rehabilitation, renovation and repair
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Large Urban Tunnels: A Proposal for Environmental 
Management

J. Miyamoto
FAU-UFRJ, Rio de Janeiro, Brazil.

J. Kós
PROURB-FAU-UFRJ, Rio de Janeiro, Brazil.

1 inTroDuCTion

it is well known that, gradually, automotive 
tunnels are becoming longer in all over the world, 
for example: laerdal (2000), norway, 24.5 km; 
Zhongnanshan (2007), China, 18.0 kilometers; 
Hsuehshan (2006), Taiwan, 12.9 km, etc.

Thus, this urban solution, increasingly 
in use, demands the implementation of new 
environmental management tools to control 
risks and protect users and employees´health, 
because of the special characteristics (of the 
tunnels).

it should be noted, however, that the 
theoretical data and bibliography related to the 
environmental management of tunnels in brazil 
are scarce and, when available, extremely 
superficial. So, this framework justifies the need 
for systematizing this knowledge, including 
analysis of researches, publications and 
standards of other countries, about this subject.

2 ConClusion

new techniques of engineering, geology and 
geotechnical enabled the construction of 
large urban tunnels. Moreover, the growing 
environmental awareness established a 
framework for minimizing interference to 
the natural environment. Thus, the meaning 
of “cross” can contribute for keeping large 
extentions of (external) ground intact (at least 
on the surface).

The large urban tunnel for vehicles, 
specifically in the context of this study, should 
be understood as follows: “Via penetration of 
vehicles with a sense of complete pass in an 
indoor environment and confined in the whole 
section, openings at the ends, in the urban 
context, extending uninterrupted minimum set at 
approximately 1,000 m and intense movement 
of the minimum order of 10,000 vehicles/day”.

in this survey, it will be given particular 
attention to vehicular urban tunnels. Due to its 
physical and spatial characteristics they are 
especially dangerous and toxic to both their 
users and employees involved in maintenance.

it will be presented a worksheet based on 
various normative instruments, all described 
throughout this research, but specially nfPa-
502. The purpose of this tool is to guide the basic 
guidelines to be adopted in the environmental 
management of large urban tunnels and 
somehow contribute to peers interventions in 
the brazilian context.

of course, given the multidisciplinary nature 
of the topic, many professionals would be 
required to prepare this instrument. in spite of 
this, this research is a strong attempt to produce 
a multidisciplinary protocol that can recognized 
as a basic instrument for environmental 
management of urban tunnels and starting point 
for the preparation of documents concerned 
with the subject.

KeYWorDs: large urban Tunnels; environmental Management; Good City form; urbanism.
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Study on Damage to Railroad Mountain Tunnel Caused by 
Earthquake and Seismic Retrofit of Shinkansen Tunnel

K. Mizuno, T. saito, M. shimizu, T. suzuki, T. imai, and n. suzuki
East Japan Railway Company (JR East), Tokyo, Japan

1 inTroDuCTion

some mountain tunnels suffered heavy seismic 
damage from past earthquakes such as the Mid-
niigata Prefecture earthquake in 2004 (2004 
earthquake). severe damage such as falling-
off of concrete lining, consecutive compressive 
failure at arch, and heaving of roadbed were 
observed. although the damaged tunnels 
were restored, east Japan railway Company 
(JR East) needed seismic retrofit of mountain 
railroad tunnels based on the seismic damage 
analysis. Meanwhile, damage caused to tunnels 
by the 2011 off the Pacific Coast of Tohoku 
earthquake (2011 earthquake) was minor at 4 
sites, and its severity was relatively not fatal.

in this paper, authors describe damage to 
railroad tunnels caused by earthquakes and 
the investigation and evaluation of damaged 
tunnels. Technology for seismic retrofit to 
prevent severe seismic damage to shinkansen 
mountain tunnels is also discussed. regarding 
the development of new retrofit technology, 
authors emphasized the safety of operation 
and shortened work duration. furthermore, we 
report on the restoration work toward resum-
ption of operation in 2011, taking advantage of 
the expertise acquired from past earthquakes. 

2 ConClusion

The conclusions can be summarized as follows:
1) Through the detailed investigations 

and damage analysis on the causes of heavy 
damage caused by 2004 earthquake, Jr east 

categorized the degree and pattern of the 
seismic damage. 

2) Taking advantage of knowledge 
obtained from the seismic analysis of tunnel 
damage caused by 2004 earthquake, Jr east 
determined the basic concept for seismic retrofit 
of tunnel. The concept can be considered to be 
the integration of tunnel lining and bedrock.

3) Jr east developed technology for seismic 
retrofit of mountain tunnels. Key technology is 
the combination of backfill grouting, rock bolts 
and reinforcement of linings by attaching fiber 
sheet. We consider that originally developed 
technology prevents heavy seismic damage 
to mountain tunnels even in strong inland 
earthquakes. 

4) Jr east developed maintenance cars for 
seismic retrofitting work, which enabled retro-
fitting work to be completed within an extremely 
limited time frame. furthermore, we achieved 
advances in work speed and cost redu-ction. 
We believe that systematic and scheduled 
retrofitting work was made possible by the 
developed techniques and maintenance cars.

5) although 2011 earthquake caused large-
scale and far-reaching damage to structures, 
damage to Jr east’s tunnels was not fatal and 
was confined. With restoration work, Shinkansen 
operation was resumed in 49 days, a relatively 
short period of time.

6) early restoration was made possible by 
the accumulation and retention of restoration 
techniques, proper judgment and timely 
decisions by Jr east’s engineers and technology 
developed to aseismically retrofit tunnels.

KEYWORDS: seismic retrofit, seismic damage, rock bolt, backfill grouting, early restoration
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Maximizing Safety and Uptime of an Underground Structure

G. s. Paese
ROXTEC Latin America, Rio de Janeiro, Brazil.

1 inTroDuCTion

Tunnels are impressive examples of safety-
focused infrastructure projects.

in order to meet the extreme cable and pipe 
sealing requirements in a smooth and cost-
effective way, tunnel builders around the world 
are adopting modular systems as the preferred 
approach for cable and pipe penetrations.

2 sealinG HisTorY

every time a cable or pipe passes through some 
kind of structure there is an opening between 
two separated zones, allowing hazards from 
one side to pass to the other.

Most of the materials and solutions used to 
seal cables or pipes were originally developed 
to do something else. The sealing industry 
started to grow as a segment in the 1950’s. one 
trigger was the discovery of sealing projects 
implemented on German ships and submarines 
from the World War ii. The idea was to avoid 
water and fire to pass from one room to other 
through cable and pipe transits.

3 MoDular-baseD sealinG sYsTeMs

Modular seals are innovative high-performance 
sturdy mechanical systems that have been 
developed to seal cables/pipes in exposed areas.

Within tunnel projects, modular-based 
sealing systems are being used successfully to 
seal pipe penetrations for the water mist system 
as well as for power, radio and supervision 
camera cables.

4 HoW Does iT WorK?

a transit frame is attached to strategic locations 
where cables / pipes will be terminated.

The cables / pipes are then pulled into place 
through the transit frame and sealed using 
transit modules and a mechanical compression 
wedge (see figure 1).

figure 1. Cable / pipe-entry sealing modular system.

5 ConClusion

Fire, flooding, gas leakage, dust, pests and 
rodents are real threats that can cause permanent 
damages in an underground structure.

Choosing the wrong penetration approach 
can compromise both lives and assets, 
significantly increasing hazard exposure.

Cable-entry seals are habitually that last 
thing to think about when building a tunnel, 
but often, the most vulnerable aspect when 
problems arise.

KeYWorDs: safety, Cables and Pipes, operation and Maintenance.
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Study on the Law of Natural Light Effect on Tunnel Lighting

b. liang，G. Pan，H. luo，Y. Xiao
ChongQing JiaoTong University, ChongQing, China

1 inTroDuCTion

In the field of tunnel lighting, natural light 
is a “double-edged sword”. on the one 
hand rationally use of natural light in tunnel 
lighting can replace part of artificial lighting, 
achieve energy saving in tunnel, while on the 
other hand, natural light brings "black hole 
effect" and "white hole effect" which impact 
on traffic safety(Ji, 2012). In this paper, we 
take Tengchong lushan tunnel as test sites, 
through measuring illumination of the tunnel 
pavement, in order to get the change law of 
tunnel pavement under the influence of natural 
light and provide reference for tunnel lighting 
energy-saving by rational use of natural light.

2 TesT surVeY 

The test site was at the lushan tunnel portal 
of Tengchong to baoshan direction exit area, 
time was in the morning, noon and evening, on 
January 20th, 2013, the test adopted two-lane 
three points method. 

3 TesT resulTs anD DaTa analYsis

from the measured data can be seen:(1)Tunnel 
profile: With the increase of the tunnel depth, 
pavement illumination decrease gradually and 
with the monotonically decreasing trend in 
general; The influence distance of natural light 
is 30～60m.(2)Tunnel cross section: in a same 
tunnel cross section, illuminance in central line 
of the left lane > illuminance in central line of 
pavement > illuminance in central line of the right 

lane in the morning and noon, while illuminance 
in central line of the left lane < illuminance in 
central line of pavement < illuminance in central 
line of the right lane in the evening.

4 MaTHeMaTiCs MoDel builDinG anD 
aPPliCaTion

after analysising the results of a variety of 
mathematical models, the mathematical 
model between pavement illumination and the 
tunnel depth in the natural light conditions can 
be expressed as: y=a-b×cx, where y for the 
pavement illuminance (unit: lux), X for tunnel 
depth (unit: m). use the above mathematical 
model can calculate the pavement illuminance 
in the pure natural light conditions, after 
comparing with the ruled value can get the 
required artificial illumination. Through this 
design approach making tunnel lighting more 
scientific, reasonable and energy saving, avoid 
ignoring the phenomenon of excessive lighting.

5 ConClusion 

This paper use the pavement illuminance data 
measured in lushan tunnel to derive the law of 
tunnel pavement illuminance in the condition 
of natural light and analysis the factors which 
influence the law; 

in the condition of natural light, this paper 
establishes the mathematical model between 
pavement illuminance and tunnel depth, which 
provides a new design approach for energy-
saving tunnel lighting.

KeYWorDs: natural light, road illumination, tunnel lighting energy-saving, law.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

291 

Numerical estimations of heat release from a railcar fire based 
on varying ventilation speed

W.-H. Park
Korea Railroad Research Institute, Uiwang-si, Republic of Korea.

H. b. Kim and C. H. lee
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The railcar structure is 0.9 m above the tunnel 
ground because the bogie is located below the 
railcar. The velocity inlet for the ventilation flow is 
at the right end, which is open to the atmosphere. 
all walls are assumed to be adiabatic. The right 
end of the railcar is located 2.8 m from the right 
end of the tunnel. The railcar is located near 
the inlet because combustible gases formed 
by pyrolysis of the interior materials of the 
railcar can react under the tunnel ventilation 
within the computational domain. if any portion 
of the combustible gas is not burned in the 
computational domain and escapes through the 
open left end of the tunnel, the fire size in the 
railcar is considered to be underestimated. 

figure 1. Heat release rates for different tunnel ventilation 
speeds

The ventilation speeds considered in this 
study are 0, 1, and 2.5 m/s. The minimum 
ventilation speed of subway tunnels in Korea 
is 2.5 m/s. The heat release rates for different 
tunnel ventilation speeds are shown in figure 
7. The maximum heat release rates from the 
railcar on fire are 24.2, 35.3, and 51.9 MW 
for ventilation speeds of 0, 1, and 2.5 m/s, 
respectively. The maximum heat release rate 
for a tunnel ventilation speed of 2.5 m/s is over 
2 times that for a tunnel with no ventilation. 
Hence, the tunnel ventilation speed is one of the 
most important factors in deciding the fire size in 
railcars during the design of tunnel ventilation.

in this study, the heat release rates from a 
passenger railcar in a tunnel were obtained for 
different tunnel velocities using the computation 
fluid dynamics model, FDS, developed by the 
nisT. The properties of the interior materials 
of the railcar were obtained from bench-scale 
tests and literature. among these properties, 
the effective heat of combustion and reaction 
velocity constants were obtained by carrying 
out cone calorimeter and thermogravimetric 
analysis. The maximum heat release rate for 
a tunnel ventilation speed of 2.5 m/s is over 
2 times that for a tunnel with no ventilation. 
Hence, the tunnel ventilation speed is one of the 
most important factors in deciding the fire size in 
railcars during the design of tunnel ventilation. 
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1 inTroDuCTion

road tunnels have several systems to ensure a 
good exploitation of the tunnels, both in regular 
and emergency conditions. These systems 
must be inspected periodically to verify whether 
they work properly.

in spain, these inspections are compulsory 
according to royal Decree (rD) 635/2006 
about minimum safety requirements in spanish 
road tunnels.

Within this context, in June of 2010 the 
road Department of Ministry of Public Works 
(DGC) gave the start for the contract “Tunnels’ 
inspection, according to rD 635/2006, Zone 1 
(north) of spanish road tunnels”.

in this paper a summary of the inspection 
works is presented, developed between 2010 
and 2012, in tunnels of the spanish road 
network (srn) located in the north of spain

To perform the tunnels’ inspection works, 
DGC divided the tunnels in three big areas, as 
shown in Table 1.

The geographic distribution of each 
inspection area is shown in figure 1.

2 ConClusion

road tunnels require many safety systems 
for their exploitation in regular conditions or 
in emergency situations. To ensure that this 
equipment works properly it is needed an 
adequate maintenance and periodic inspections, 
systematically and independently undertaken. 

figure 1. Geographic distribution of inspection areas.

Table 1. Tunnels included in each inspection area.

Zone of spain
no. of 

Tunnels
no. of 
Tubes

length 
(km)

north (1) 111 176 107
Centre – south (2) 77 128 78
east (3) 133 169 77

The spanish Ministry of Public Works DGC 
is doing periodically inspections of the tunnels 
in the spanish road network. The need of these 
inspections, as well their frequency, is set 
according to rD 635/2006 about the minimum 
safety requirements in spanish road tunnels. 

from the inspection so far, it can be 
concluded that both the maintenance and overall 
exploitation of the tunnels are satisfactory. 
Currently, many tunnels are still to be upgraded 
to rD 635/2006 standards, so there are some 
defects in certain installations, noticeable 
especially in old and long tunnels.

KEYWORDS: Safety inspections, safety systems, Spain, ventilation, fire, ABNT NBR 15661
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1 inTroDuCTion

“safety first, precaution crucial” is the main 
purpose during tunnel construction and service. 
To analyze tunnel safety, the coupling effect 
of multi-factor should be taken into account. 
based on the fuzzy theory, factors with fuzzy 
boundaries can be quantified simply (Joo 
et al. 2001; lu et al. 2003). Moreover, fuzzy 
comprehensive evaluation can guarantee the 
qualitative evaluation indexes to quantify and 
the quantitative indexes to approximate the 
accurate values (al-labadi et al. 2005, 2009; 
Zhang et al. 2011; Yazadni–Chamzini, 2012; 
Kazaras, et al. 2013).

2 MeTHoDs anD Main ConTenT

referring to the railway tunnel health evaluation 
model (Yang, 2012), the safety ranks karst 
highway tunnel to five grades. After that, the 
hierarchical division for various factors with the 
multi-grade fuzzy evaluation was carried out 
(see figure 1). 

Then, according to the influence of 
tunnel safety, the qualitative indexes were 
classified into five levels. Furthermore, the 
membership function, which followed the 
Gaussian Distribution, was applied to determine 
quantitative evaluation indexes. Meanwhile, 
relied on the expert scoring method from system 
theory and the weight allocation for various 
factors, the treated karst caves model was set 
up as uncompacted backfill model, and then the 
three-grade fuzzy comprehensive evaluation 
model was built for inservice highway tunnel 
safety in karst area. The model is shown in 
equation 1. With this model, the safety of Hui-
long-shan tunnel was solved as equation 2.

figure 1. Hierarchical divisions of tunnel safety factors

3 ConClusion

When the karst cave filler holds a lower elastic 
modulus than that of surrounding rock, it can be 
simplified as uncompacted backfill model.

by combining the qualitative indexes with 
quantitative indexes, a three-grade fuzzy 
comprehensive evaluation model was built for 
inservice highway tunnel, and this model is 
applied in Hui-long-shan tunnel successfully. 

Judged from the maximum membership, the 
results,  show the Hui-long-shan tunnel is safe. 
it only needs to maintain a normal conservation 
continuously.

KeYWorDs: inservice karst highway tunnel, safety, fuzzy evaluation model.
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1 inTroDuCTion

This paper discusses the approach undertaken 
to determine design temperature of Precast 
Concrete Tunnel lining (PCTl) under a major 
fire event for the Eglinton-Scarborough Cross-
town Twin Tunnels (esC TT) project in the City 
of Toronto. The tunnel is bored twin tunnels with 
an internal diameter of 5.75 m.

The past few years have shown that fires 
disasters in tunnels represent a high risk. The 
users and the rescue services are endangered 
by not only heat and smoke but also structural 
damages including spalling of the concrete. 

advanced engineering methods such as 
CfD (Computational fluid Dynamics) provides 
the design team with an efficient tool to simulate 
a fire event within the tunnel. 

During tunnel fire, train stops between two 
stations. fire initiates underneath of the train 
and then grows into the train. During the first 
15 minutes, fire is located underneath of the 
train with a maximum heat load of 1MW. after 
15 minutes from fire initiation, fire burns through 
the car floor and grows at a medium fire growth 
rate until the fire heat release reaches 14.5 MW. 
At this stage, the fire blows out from the side 
windows of the car. After 32 minutes the fire 
reaches its maximum heat release of 14.5MW.

2 ConClusions

a 3D CfD analysis performed to simulate 
a major fire event in a three-car (Light Rail 
Vehicle) situation. The potential effects of the 

air flow blockage by cars and also back layering 
considered. it was concluded that burning 
the middle car should provide the highest 
temperature on the concrete lining.  

Two fire events in the tunnel were 
considered: no ventilation condition in which 
created smoke as a result of fire accumulates 
underneath of the tunnel roof (buoyancy effect) 
and moves toward the tunnel exits; and also 
mechanical ventilation conditions. The highest 
concrete lining temperature after 2 hours was 
predicted to be 512°C for the tunnel without 
having any mechanical ventilation in place. 
With operation of mechanical ventilation, the 
maximum concrete lining temperature dropped 
to 372°C. for both conditions, the maximum 
temperature occurs above the cars besides 
the one undergoing fire: without mechanical 
vitiation, one of the cars located beside the one 
undergone fire; with mechanical ventilation, the 
car downstream of ventilation air flow. 

for both cases (without/with mechanical 
ventilation), concrete surface temperature 
increases during the first 60 minutes of fire 
toward the predicted maximum value of 512°C 
without ventilation and 372°C with mechanical 
ventilation. 

structural analysis of tunnel lining for the 
above-described fire events was performed 
after. 

KeYWorDs: Tunnel fire, Tunnel lining design, light rail Transit, CfD analysis
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1 inTroDuCTion

The blanka tunnel, depicted in figure 1, is 
one of the largest underground structures 
in the Czech republic with the total length of 
more than 5 km. The tunnel tubes are situated 
inside the city build-up area, and therefore there 
are requirements on minimization of the car 
exhaust fumes from exit junctions to the nearby 
environment.

The paper presents a design and an 
implementation of the control algorithm of the 
operational ventilation in the blanka tunnel. it 
is a predictive algorithm, which is based on the 
mathematical model of the tunnel (consisting of 
the airflow, traffic and exhaust model), which 
ensures the requirements with minimal amount 
of energy.

2 ConClusion

The mathematical model was firstly used for 
an implementation of a simulator, which was 
used to test critical situations that can occur 
during the tunnel operation. The simulator was 
subsequently simplified and used for the design 
of the operational ventilation control in the 
blanka tunnel. This advanced control algorithm 
is validated by numerical simulations. These 
validated simulations show that the control 
system can save between 20-30 percent of 
energy costs compared to the classical PiD 
regulation in practice. The blanka tunnel will be 
open to traffic in May 2014 and our new control 
algorithm will be then set in the real operation.

figure 1. aerial map of the blanka tunnel. The tunnel forms the northwest part of the Prague inner bypass.
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1 inTroDuCTion

With an increasing tendency, monitoring of 
road tunnels is organized in a centralistic way. 
That means that tunnel operators are often 
responsible for a large number of tunnels within 
an entire region. Hence, it is necessary for 
them to assess the safety status of individual 
tunnels in a reliable way and to identify possible 
risk and incident situations at an early stage. 
for this purpose, the operator has separate 
monitoring screens for each tunnel as well as 
additional screens for operational and traffic 
data. Furthermore, the traffic can visually be 
observed via video cameras.

often, individual tunnels are monitored and 
controlled via different control systems. Thereby, 
frequent changes between heterogeneous user 
interfaces are necessary. Hence, the main 
disadvantage is that in risk or incident situations 
precious time is sometimes lost due to the re-
adaptation to different user interfaces. as a 
result, in case of an event and intensive event 
management, the overview of other tunnels may 
get lost.

Therefore, a superordinated user interface 
for tunnel control centers is desirable which can 
be used for monitoring the safety status of a large 
number of tunnels simultaneously. furthermore, 
this enables the required event management to 
be executed properly. However, not only the early 
detection of risk or incident situations is in focus 
but also, in particular, the possibility to minimize 
the extent of damage by early intervention in 

the course of an event. investigations related to 
such innovative concepts for tunnel control are 
a main focus of the research and development 
project “echtzeit-sicherheits-Management-
system für straßentunnel” esiMas (real-time 
safety management system for road tunnels) 
currently being carried out in Germany. 

The paper presents the current state of 
the development, i.e. prototypes available 
for validation with the operators (see figure 
1). Subsequent to this, the final graphical 
implementation of the selected prototype will 
begin and the implementation to the tunnel 
monitoring for operation can be prepared.

figure 1. example of a prototype.

2 aCKnoWleDGeMenTs

The project esiMas with an overall budget of 6 
million euro is funded by the German federal 
Ministry of economics and Technology and will 
be completed by the end of 2014.
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1 inTroDuCTion

long-term monitoring of distorted railway 
tunnels is normally carried out based on manual 
measurement. as the measurement work should 
be carried out within limited time, mostly in the 
midnight, it is difficult to obtain measurement 
data at short intervals. on the other hand, 
automatic monitoring methods with sophisticated 
devices, which realize real-time data acquisition, 
require a huge amount of work and expense 
for installing and maintaining cables as well as 
costly equipment, especially in tunnels which 
are usually long in the longitudinal direction. 
The authors, therefore, developed a monitoring 
method with a wireless sensor network as 
shown in figure 1 and 2.

if automatic monitoring is carried out with 
wireless sensors, a lot of accumulated data 
are affected by short-term change caused 
by a daily temperature change and others. a 
data processing method which eliminates the 
short-term change caused by daily temperature 
change is, therefore, developed in order to 
efficiently utilize the real-time monitoring data 
for tunnel maintenance.

2 ConClusion

a monitoring method with a wireless sensor 
network was developed to lighten the workload 
of data acquisition and reduce the monitoring 
cost of railway tunnels. The applicability of the 
proposed method to actual sites was verified by 
means of a field test at a railway tunnel.

spectra obtained by analyzing the 
measurement data of crack width with fourier 
transform has absolute peaks just at 24 hours, 
which is considered to be related with daily 
temperature change. a data processing method 
was proposed with a low-pass filter. It was 
verified that the short-term variations caused 
by daily temperature change and others can be 
eliminated by processing measurement data 
with a low-pass filter.
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figure 1. outline of the tunnel monitoring system.

figure 2. Wireless sensor (end device).

KeYWorDs: Tunnel, Wireless sensor; Monitoring, Data processing.
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1 inTroDuCTion

in Japan, some subway cut-and-cover tunnels 
are affected by material deterioration, such as 
carbonation or chloride attack. 

This study was performed to reveal the trends 
of material deterioration in Japanese subway 
tunnels to predict long-term deterioration.

2 fielD DaTa analYsis anD 
DeTerioraTion PreDiCTion

The distribution of investigated tunnels age is 
shown in figure 1. The youngest tunnel was 
constructed in five years ago and the oldest one 
was eighty years ago. in this data, 138 tunnels 
are affected by carbonation and 22 tunnels by 
chloride attack.The parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are given in Table 1. average material 
deterioration in the tunnels can be predicted by 
using these parameters. In addition, it is figured 
out that material deterioration rate with widely 
distributed in every tunnel. 

figure 2 is schematically shown the result of 
the long-term deterioration prediction of tunnels 
affected by chloride attack. it indicates that 
tunnels reach the corroding limit in 23 years and 
the cracking limit in 41 years.

3 ConClusion

in this paper, the parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are revealed by the field data analysis. 

furthermore, tunnels affected by chloride attack 
need to be repeatedly repaired in 100 years.
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1 INTRODUCTION 

In Japan, some subway cut-and-cover tunnels 
are affected by material deterioration, such as 
carbonation or chloride attack.  

This study was performed to reveal the trends 
of material deterioration in Japanese subway 
tunnels to predict long-term deterioration. 
2 FIELD DATA ANALYSIS AND 

DETERIORATION PREDICTION 

The distribution of investigated tunnels age is 
shown in Figure 1. The youngest tunnel was 
constructed in five years ago and the oldest one 
was eighty years ago. In this data, 138 tunnels 
are affected by carbonation and 22 tunnels by 
chloride attack.The parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are given in Table 1. Average material 
deterioration in the tunnels can be predicted by 
using these parameters. In addition, it is figured 
out that material deterioration rate with widely 
distributed in every tunnel.  

Figure 2 is schematically shown the result of 
the long-term deterioration prediction of tunnels 
affected by chloride attack. It indicates that 
tunnels reach the corroding limit in 23 years and 
the cracking limit in 41 years. 
3 CONCLUSION 

In this paper, the parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are revealed by the field data analysis. 
Furthermore, tunnels affected by chloride attack 
need to be repeatedly repaired in 100 years. 
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Figure 1.Age of the investigated tunnels. 

Table 1.Parameters for long-term deterioration prediction 
of subway tunnels in Japan. 

deterioration Parameter value 
carbonation carbonation 

coefficient 
2.94 [mm/year0.5] 

chloride 
attack 

chloride diffusion 
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29.8 [mm2/year] 

 surface chloride 
concentration 
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Figure 2.The result of long-term deterioration prediction 

of tunnels affected by chloride attack 
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figure 1. age of the investigated tunnels.

Table 1.Parameters for long-term deterioration prediction of 
subway tunnels in Japan.

deterioration Parameter value
carbonation carbonation coefficient 2.94 [mm/year0.5]

chloride 
attack

chloride diffusion 
coefficient

29.8 [mm2/year]

surface chloride 
concentration

3.2 [kg/m3]
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1 INTRODUCTION 

In Japan, some subway cut-and-cover tunnels 
are affected by material deterioration, such as 
carbonation or chloride attack.  

This study was performed to reveal the trends 
of material deterioration in Japanese subway 
tunnels to predict long-term deterioration. 
2 FIELD DATA ANALYSIS AND 

DETERIORATION PREDICTION 

The distribution of investigated tunnels age is 
shown in Figure 1. The youngest tunnel was 
constructed in five years ago and the oldest one 
was eighty years ago. In this data, 138 tunnels 
are affected by carbonation and 22 tunnels by 
chloride attack.The parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are given in Table 1. Average material 
deterioration in the tunnels can be predicted by 
using these parameters. In addition, it is figured 
out that material deterioration rate with widely 
distributed in every tunnel.  

Figure 2 is schematically shown the result of 
the long-term deterioration prediction of tunnels 
affected by chloride attack. It indicates that 
tunnels reach the corroding limit in 23 years and 
the cracking limit in 41 years. 
3 CONCLUSION 

In this paper, the parameters for long-term 
deterioration prediction of subway tunnels in 
Japan are revealed by the field data analysis. 
Furthermore, tunnels affected by chloride attack 
need to be repeatedly repaired in 100 years. 
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figure 2. The result of long-term deterioration prediction of 
tunnels affected by chloride attack

KeYWorDs: long-term deterioration prediction, carbonation, chloride attack.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

299 

Mobile furnace for determining fire resistance of existing 
concrete structures

M. Vermeer
Efectis Outlabs Mobifire, Bleiswijk, The Netherlands 

l. M. noordijk 
Efectis Nederland BV, Bleiswijk, The Netherlands 

C. b. M. blom
Engineering Agency of the municipality of Rotterdam, Rotterdam, The Netherlands

1 inTroDuCTion

For new structures there are extensive fire 
testing methods, which in general imply that a 
test specimen is manufactured and tested in a 
fire laboratory. However, for existing structures 
a reliable and cost-effective testing method for 
fire resistance still does not exist.

The urgency of an adequate and reliable fire 
resistance test method for existing structures 
exposed to a fire load is very clear. For instance, 
for concrete tunnel linings, major accidents have 
happened in the past decades, which showed 
clearly the need to know beforehand the 
behaviour of the structure in a fire situation. The 
question is how to determine the behaviour of 
an existing concrete structure in a fire situation. 
Building a representative test specimen for fire 
resistance testing is almost impossible and will 
inevitably present many uncertainties in the test 
results. This is due to the following uncertainties: 
the exact concrete mix delivered, on-site 
mechanical loading conditions, relative humidity, 
the ageing of concrete and the current concrete 
strength. also standard testing methods require 
a waiting period of about 3 months before the 
concrete is dry and representative; in many 
cases this waiting period is not desirable and 
unnecessary, as will be shown later.

Several fire resistance test methods for 
existing tunnels have been proposed up to now, 
such as fire testing on small concrete cores 
extracted from the concrete structure. However, 
with none of these methods one is able to study 
a substantial and reliable area of the concrete 

structure and preserve the most important 
boundary conditions present in a real structure 
in order to assess the concrete structure 
correctly. The presented solution in this paper is 
to study the behaviour of the concrete structure 
in-situ using a mobile furnace which heats up a 
small, but still substantial part of the structure 
according to the required fire curve (See Fig.1).

figure 1. fire test using the mobile furnace in old immersed 
tunnel to assess the concrete behaviour in fire.

2 ConClusion

The on-site fire test with the MobiFire-RWS 
furnace clearly showed that this device is able to 
provide valuable information on the behaviour of 
concrete parts in a tunnel fire situation. First the 
behaviour of the concrete parts in relation to the 
occurrence and amount of explosive concrete 
spalling could be concluded from the in-situ fire 
test and additionally the thermal behaviour of  
the chamotte tiles could be determined using a 
1D thermal model. 

KeYWorDs: tunnel renovation, concrete spalling, mobile furnace, existing concrete structures, 
tunnel fires, cost-effective refurbishment
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Influence about the stiffness ratio of the double-shell lining to 
the dynamic response of tunnel structure under earthquake

W. P. Xu, K. G. sun and W. G. Qiu
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Southwest Jiaotong University, Chengdu 61003, China.

1 inTroDuCTion

China is now under large-scale construction 
period of railway and highway tunnels. among 
the finished tunnels, the ones employing the 
double-shell lining consist of a sizable proportion. 
Currently, there is seldom study for the influence 
of the relative stiffness ratio. Therefore, this 
paper will numerically investigate the dynamic 
effect of increasing the relative stiffness to the 
tunnel structure. 

In this paper, the issue has been simplified 
to plan-strain problem. The length of the 
numerical model is 100 m, and the height is 70 
m. in order to save computation time, a uniform 
load is applied on the top of the model to mimic 
30 meters of soil. The tunnel is located in the 
center and 20 m beneath the top. The cross-
section of tunnel is in a typical shape for a two-
line highway tunnel in China. The thickness of 
the primary support is 10 cm, and that for the 
secondary support is 35 cm. The stiffness of the 
secondary support is proportional to the elastic 
modulus and the geometric dimensions of the 
cross section. Therefore, the elastic modulus 
is variable in this paper to study the influence 
of stiffness ratio to the seismic response of the 
double-shell solution. The material properties 
for the numerical model are provided in Table 
1. There are six different elastic modulus values 
for the secondary lining and numbered case 1 to 
case 6 respectively. in the numerical model, all 
the parts are established using solid elements. 
Vertical acceleration is applied at the bottom of 
the model. 

Table 1. Material properties in the numerical model

ρ*
e 

(GPa)
μ

C
(MPa)

Φ (.) case
#

rock 2200 3 0.3 0.2 40 ─

primary  
support

2200 23 0.25 ─ ─ ─

secon
-dary  
lining

2500 23 0.25 ─ ─ 1

2500 28 0.23 ─ ─ 2

2500 31 0.2 ─ ─ 3

2500 33.5 0.18 ─ ─ 4

2500 35.5 0.16 ─ ─ 5

2500 37.5 0.14 ─ ─ 6

*the unite of density is kg/m3

2 ConClusions

The relative displacement, the maximum 
principal stress, the minimum principal stress at 
the vault, the invert, and the two skewbacks are 
monitored for any possible trends. based on the 
analysis, the following conclusions are received.

1) enlarging the stiffness ratio will minimize 
the relative displacement, which consequently 
reduce the interaction between the primary 
support and secondary lining.

2) the skewbacks are the critical parts in 
seismic design of tunnel. both tensile and 
compressive failures are possible to appear at 
this position.

3) an optimum stiffness ratio should exist 
to reach the smallest relative displacement 
and a structure with no tension or compression 
failures. further study including indoor model 
tests should be performed. 

KeYWorDs: stiffness ratio, double-shell lining, dynamic response
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1 inTroDuCTion

During the construction and maintenance 
of shield tunnels, different people need to 
investigate and research tunnel data in all 
perspectives and processes. first, on the basis of 
analyzing the shield tunnel data standardization 
and digitization, this paper proposes a shield 
tunnel lifecycle data model, which is extensible 
and basically covers all kinds of tunnel lifecycle 
data. second, according to this data model, an 

internet-based shield tunnel data repository 
is built, which preliminarily implements data 
imputing, querying and maintaining. The data are 
stored in XMl format for platform-independent 
operations to enable multi-angle data exchange 
and sharing. finally, application development is 
researched and discussed on the data repository, 
including data representation, visualization and 
automatic shield tunnel maintenance, and this 
paper additionally provides several directions of 
further research.
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Damage Cause and Renovation of Base Structure of a Railway 
Tunnel at Slightly Dipping Interbedded Rocks: a Case Study

l. Wang
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X. Xiao, H. lin and J. Yang
School of Civil Engineering, Central South Universtiy , Changsha, China.

1 inTroDuCTion

The Y.D. Tunnel, designed with a speed of 
200km and double block ballastless tracks in 
southwest China is more than 7.0km in length. 
The tunnel was excavated through low-medium 
thick slightly dipping interbedded layers of 
medium weathered mudstone and sandstone. 
an obvious uplift appeared on the roadbed 
within the rigion of K208+620~+629 after the 
tunnel were put into service, cracks and failure 
developed in the ballastless tracks, resulting 
in that the railway operation was seriously 
influenced.

The mechanical parameters of surrounding 
were determined through tests on the rock 
samples drilled below the invert. Particularly, the 
field stress was measured, indicating that high 
horizontal stress existed in the ground below the 
invert and was nearly perpendicular to the tunnel 
axis. And the main factors of tunnel floor heave 
were analyzed: (1)the effect of in-situ stress; 
(2)the influence of weak layered rocks with low 
inclination angle underlying tunnel invert; (3) the 
factor of the invert form; and (4) the impact of 
hydrogeology.

Through numerical simulation, the influence 
of low-medium thick slightly dipping interbedded 
layers of medium weathered mudstone and 
sandstone underlying the bottom structure 
of the tunnel as well as the structural form of 
tunnel invert were investigated. altogether 8 
computation cases were performed, in which 4 
cases ( cases 1-4) considering the influence of 
layered rock with low inclination angle beneath 
tunnel invert and the others (cases5-8) however 
determining the surrounding as homogenous 
material. results of computation cases were 
compared and analyzed. and the impact of 

stratified formations with slightly inclination as 
well as the form of tunnel invert on floor heave 
were discussed.

Then potential renovation approaches 
were compared and analyzed. There were 
main three methods to treat the problem of 
tunnel floor heave: (1) strengthening the tunnel 
bottom structure with cables and rock bolts; (2) 
replacing the tunnel invert; and (3) the synthesis 
of the two method mentioned above. in the 
point of the writer, the third method should be 
chosen for the occurrence of floor heave in Y.D. 
Tunnel was the result of combined effects of 
various factors (mentioned above). However, 
the designer chose the first method in the end, 
and after the implement of the first treatment, 
the uplift trend of the tunnel floor was eased, 
whereas not ended.   

2 ConClusions

The main factors of the floor heave in the Y.D. 
Tunnel were the in-situ stress, low-medium thick 
slightly dipping interbedded rocks underlying 
tunnel bottom structure, the form of tunnel invert 
and the hydrogeology. 

The thin-medium thick slightly dipping 
layered rocks and the form of tunnel invert 
contributed a lot to the uplift problem of the 
tunnel floor, and it is appropriate to increase 
invert depth in the future design of tunnel at 
slightly dipping layered rocks.

The trend of tunnel floor uplift was fairly 
mitigated after the implementing of the 
remediation using cables and rock bolts.

KEYWORDS: tunnel, floor heave, stratified rockmass, invert, remediation.
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1 inTroDuCTion

Working safety and reliability is most important 
for civil structures such as tunnels, bridges, 
super high-rise structures etc. Civil structure 
health monitoring system, aiming to ensure 
the safety and prevent accident occurring, 
is achieved great quantity researches in civil 
engineering. but sensors and instruments 
usually used in health monitoring system is very 
expensive, such as fiber brag modulation, GPS 
receiver etc. 

nowadays, maintenance and management 
almost focus on short or middle span bridge or 
on the special long-span bridge. road shield 
tunnel structures have the character of long 
route and stride over or pass through important 
area of city. and what’s more, the road shield 
tunnel structures are the carrier of the city 
car which requires much more security. but 
from the operation of road shield tunnel of the 
world, accidents often occurred because of 
the operation fault and other causes. and on 
the other hand, city road shield tunnel is now 
in high-speed construction stage. so how to 
accordingly advance the level of maintenance 
and management of these structures is another 
important problem for engineers. 

in this paper, a new practical and economical 
inspection system is designed and developed 
based on the initial system. 

objecting to the shield tunnel structure, 
the inspection content was firstly chosen in 
this paper, secondly, an electronic inspection 
system was designed which includes sensors, 

personal digital assistant, sensor data collection 
instrument and electronic tags, thirdly, in order 
to validate the efficiency of the system, it was 
applied to demonstration in the key section of 
Yingbin no.3 road tunnel. from the result of the 
application the system work stably and can be 
used in the management in road shield tunnel.

2 ConClusion

in this paper, road shield tunnel structure 
inspection system based on rfiD was 
developed in order to insure the safety of 
transportation of vehicle and maximatily extend 
the life cycle of structures. With the help of rfiD 
system and the sensor data collection module, 
inspectors can easily collect the structure 
disease information based on the software on 
PDa. With the development of evaluation index, 
PDa can give the evaluation of damage on local 
project as soon as the data is collected. and 
this inspection system will attain more practical 
value in the inspection projects.

KeYWorDs: city road shield tunnel structure, electronic inspection system 
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Risk Analysis – An improvement to tunnel safety design 

a. e. P. brown
RISIKO Análise de Segurança Ltda, S. Paulo, Brazil.

1 inTroDuCTion

risk analysis is an important auxiliary design tool 
to tunnel safety improvement. its applicability 
shows results during the tunnel design phase.  
it is recommended to apply risk analysis at 
ca 75% of the advance of the tunnel design 
phase. in brazil, there is a standard abnT nbr 
15661:2012 that requires its use.  The main goal 
of risk analysis is to help the designer to identify 
potentials scenarios of incidents that can result 
in fire, explosion and leakages endangering 
driver safety and tunnel life.  once hazards are 
identified, safety measures can be implemented 
and personnel be trained to respond to tunnel 
emergencies.  

2 Tunnel risK analYsis 

The risk analysis concept applied to tunnel safety 
(TraM) is elaborated in three distinct phases: 
analysis, evaluation and finally, management 
(see figure 1).  What corresponds to say that 
the two previous phases are static and, the last 
one is dynamic, i.e., it will give life to the risk 
analysis previously performed.

figure 1. risk analysis phases.

The tunnel risk analysis can use the preliminary 
hazard analysis (PHa) technique to identify 
the potential hazard scenarios that can occur 

inside the tunnel. after this, it is selected the 
worst scenarios and perform the consequence-
vulnerability analysis to scale up the 
consequences of a fire, explosion or leakage 
scenarios. This analysis uses commercial 
software available in the market to establish 
safe distances to fire heat load and shock 
waves pressure exposures to physical devices, 
equipments, tunnel structure and users.  safety 
recommendations to be implemented at the 
tunnel design are proposed by these analyses.

risk evaluation follows quantitative risk 
analysis (Qra) concept by using event and 
failure trees schemes and finally, social and 
individual risk calculations based on the alara 
concept (as low as reasonably acceptable).  
before start the tunnel operation, it should be 
performed the safety conformity analysis.

by the other hand, the basis to prepare 
the tunnel risk management (TrM) and 
emergency response/contingencies programs 
are established at nbr 15661. a typical TrM 
contains the following procedures: hazard 
revision analysis, management of changes, 
analysis of critical systems to safety, maintenance 
systems, operation and emergency procedures, 
incident investigation system, safety inspection 
program and operation personnel training.

2 ConClusion

a complete description of the TraM proposed 
by abnT nbr 15661 is presented.  advantages 
of applying TraM correctly are discussed.

unfortunately, the lack of knowledge of the 
risk analysis benefits to tunnel safety design 
results to not being used by the tunnel designers 
yet.  The abnT tunnels standards are very 
recent; maybe it is another reason for not using 
risk analysis.

KeYWorDs: risk analysis, tunnel, tunnel safety design.
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1 inTroDuCTion

a construction contract may be negotiated 
for the construction of a single asset such as 
a bridge, building, dam, pipeline, road, ship or 
tunnel. a construction contract may also deal 
with the construction of a number of assets 
which are closely interrelated or interdependent 
in terms of their design, technology and function 
or their ultimate purpose or use; examples of 
such contracts include those for the construction 
of refineries and other complex pieces of plant 
or equipment.

The formation of a contract involves 
acceptance of an offer, an intention to have a 
legally binding agreement, performance and 
payment. Transfer of risk, i.e., the allocation of 
risk, is a major element in any contract.

The offer includes a proposed allocation of 
risk, which is agreed in making the contract, and 
the agreed payment includes consideration for 
the risk taken in performance of the contract. 
for example, “price certainty” is bought, by 
paying the contractor to accept the risk of fixing 
a price in a commercial, changing market.

The degree of risk involved in certain 
key aspects of the project must, therefore, 
be assessed in respect of whether it is more 
economic for the employer to take a risk or 
for him to pay the Contractor to take it for him. 
This is an essential consideration in selecting a 
contract form in support of a procurement route 
which achieves “best value”.

However, the choice of contract flows from 
the procurement route chosen for the project. 

The choice of procurement route depends on 
the Client’s required balance of time/cost/quality 
and an analysis of how that can be achieved. 
This is in the context of the Client’s other 
requirements, not least being his required level 
of involvement in the design and construction 
process and the extent to which he may change 
his mind or wish to alter the specification during 
construction.

This paper will discuss how to best address 
the challenges of its contractual trends, as well 
as dispute resolution challenges.

2 ConClusion

These are the main management concepts that 
should be considered at the project contract 
formation stage:
a) allocate risk to the party best situated to 

control the risk;
b) allocate risk through indemnity provisions;
c) use insurance to support indemnity 

provisions;
d) require additional insured status and 

evidence of insurance;
e)  include waivers of subrogation;
f) review documents with appropriate 

consultants; and
g) avoid Dispute resolution as the mid-night 

clause. 

KeYWorDs: Construction Contracts; ePC; ePCM; Dbb; alliance; Design and build.
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1 inTroDuCTion

The new line 3 of santiago Metro includes the 
construction of the university of Chile station, 
just beneath the existing track tunnel of line 1, 
as illustrated in figure 1. such crossing will occur 
beneath two heavy traffic roads: the Libertador 
bernardo o’Higgins avenue and the underground 
crossing passage of bandera street.

figure 1. location of the new and the existing university of 
Chile stations (lines 1 and 3).

a reliability study was carried out to assess 
the probability of failure of tunnel excavation for 
the new station.

The stability analyses were performed using 
the analytical solutions by Mühlhaus (1985) and 
by anagnostou and Kovári (1994), considering 
the soil stratigraphy presented in figure 2.

The probabilities of failure were calculated 
by Monte Carlo simulations for 13 different 
analyses, each one with 30,000 simulations.

figure 2. longitudinal section of the new university of Chile 
station main tunnel: soil stratigraphy and location of the 
existing track tunnel of line 1.

only the geotechnical parameters variation 
was considered, the uncertainties concerning 
the soil stratigraphy or the tunnel construction 
method were not taken under consideration.

2 ConClusions

This reliability study guided the soil conditioning 
design for the new university of Chile station. 
The tunnel roof forepoling and soil nailing in the 
excavation face had their length extended in 
order to reduce to zero the probability of failure 
of the excavation.

The presented methodology for calculating 
probabilities of failure enables to quantify the 
risks involved in the excavation work, what 
represents an attractive engineering tool since 
most of risk management projects are based 
solely on qualitative estimates.
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1 inTroDuCTion anD MoDelinG

a rock excavation phenomenon is in stochastic 
nature, which includes uncertainties in terms of 
decision makers. This study summarizes a new 
method for predicting performance (penetration 
rate, daily advance rate, thrust, power, torque, 
and specific energy) of EPB TBMs working 
in semi-closed / open mode (without giving 
face pressure) by a stochastic method that is 
implemented into a deterministic model requiring 
input from full-scale linear rock cutting tests. 
experiments with a disc cutter are performed 
on a block of limestone sample. estimations are 
performed by using a Monte Carlo simulation 
program providing knowledge of probabilistic 
outcomes by generating random values for 
10000 iterations in pre-determined probability. 

Results of the suggested method are verified 
by measuring the field performance of an EPB 
TbM. The results of the modeling studies and 
field measurements are summarized in Table 1.

2 ConClusions

The stochastic method implemented into the 
deterministic model results in almost similar 
predictions with the deterministic model with 
50 percent (best guess) probability. However, 
the stochastic estimates are better for the 
decision makers in the sense that it provides an 
opportunity to see uncertainties and variation of 
the experimental parameters through the use of 
an estimated probability density function.

Table 1. Summary of the results of field measurements, deterministic, and stochastic estimations.

Parameter
field
Data

Deterministic
Model

stochastic Model
Mean st. Dev. 95% Confidence

interval
Coefficient of 
Variation (%)

line (Cutter) spacing (mm) 86 80 80 - - -
Penetration (mm/rev) 9.7 7.0 7.0 - - -
number of Cutters 38 44 44 - - -
Cutterhead rotational (rpm) 2.6 2.9 2.9 - - -
Cutterhead Torque (knm) 1836* 789 789 139 517 - 1061 0.18
Cutterhead Power (kW) 507* 240 240 42 157 - 322 0.18
Specific Energy (kWh/m3) 8.4 4.33 (opt.) 4.33 0.87 2.62 - 6.04 0.20
Thrust force requirement (kn) 4657** 3870 3870 190 3500 - 4244 0.05
inst. Cutting rate (m3/h) 51.6 47.16 49.34 14.61 27.46 - 83.74 0.30
inst. Penetration rate (m/h) 1.52 1.39 1.46 0.43 0.81 - 2.47 0.30
advance rate (m/day) 11-12 11.13 10.67 3.67 5.21 - 19.34 0.35
(*) These values include loses for idle position and rotation of half-filled cutterhead.
(**) This value includes loses for idle position.
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1 inTroDuCTion

after reviewing case studies of tunneling and 
underground works, the roots of problems 
are primarily in the lack of information and 
risk assessment or improper interpretation of 
them. Detailed exploration and analysis of the 
soil and rock characteristics, groundwater and 
gas conditions in the work area is fundamental 
for appropriate planning of the underground 
operation, and for reducing the risks to a 
manageable level. 

The clear and mutually satisfactory legal 
approach for handling the potential risks in 
tender and contract documents are also very 
important for every project, especially for large 
infrastructure works in urban environment.

Tunneling and underground works are 
special types of construction. Most of the 
risks characterizing the general construction 
are relevant to civil underground projects, but 
several distinctive groups of risk factors must be 
analyzed, which can impact the safety, quality, 
schedule and overall success of the project. 

These special risk factors are: difficult 
or unclear geotechnical and environmental 
conditions and constraints; selection of proper 
design, construction and monitoring methods 
and special tunneling equipment; safety 
hazards in working underground environment; 
and onerous tender or contractual conditions 
and unbalanced risk allocation. 

The authors based on their practical 
experience briefly present of the risk groups and 
their potential preventions or mitigations.

risk assessment is a very important standard 
process, which can be applied to any project 
to analyze, register, evaluate and if possible 
prevent, mitigate or reduce the impacts of risks. 
Joint risk assessment requires risk control and 
balanced risk sharing between parties. several 
innovative and digital solutions are introduced 
for effective risk assessment and monitoring.

The typical contract forms shall be based 
on consensus and on the balanced risk-sharing 
concept. Due to the increasing complexity 
of underground infrastructure, the industry 
progressively extends the risk management to 
the complete lifespan of underground projects 
(design, construction, operation, maintenance).

The safety of workers and the public must 
be the number one priority for the Contractors, 
Consultants and all the stakeholders involved in 
projects of underground tunneling construction. 
The tunneling works today - with regulated 
safety processes, modern equipment fleet and 
protection devices - still have numerous safety 
hazards.  

2 ConClusion

individual analysis and collaborative review and 
understanding of the risk elements are important 
for all the stakeholders, owners, operators, 
Consultants and Contractors. They have to take 
into account the financial, environmental and 
schedule impacts and get to an agreement in 
balanced and mutually beneficial risk sharing.

KeYWorDs: special risk factors at underground, innovative risk assessment, balanced risk sharing
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1 inTroDuCTion

Tunneling, especially when under high cover in 
complex geologies, implies a series of risks, and 
this independently from the technology adopted 
top excavate the tunnel.

some of these risks, if occur, have limited 
impact on construction costs and time, other 
can completely change the economic balance 
of a project and its timing.

The implementation of risk mitigation 
measures, following a geological investigation 
campaign and a risk analysis, may reduce the 
probability of some of the risk occurrences and/
or their consequences.

It is however very difficult if not impossible, 
even with the today more advanced ground 
investigation technologies, to foreseen all 
possible risks and in particular the ones having 
the bigger impact .

on the other side, more and more, the 
Projects owners pretend to execute complex 
underground projects including long TbM 
tunneling under a ePC type of contracts, were 
all risk related to the design and construction 
of the works shall be borne by the Contractor, 
including the full geological risk.

This approach, especially for the most 
difficult and challenging projects, is unfair, is 

unreasonable and most of the time leads to 
disasters.

a more fair and effective approach is the risk 
sharing, that may only regards the major and 
mostly unforeseeable events 

2 ConClusions

When tunneling under high cover the force of 
nature may exceed any TbM and lining capacity.

extraordinary events may cause the stop of 
the TbM advance and require special measures 
and to be overcome.

These events are almost impossible to be 
foreseen

The additional costs and time that the 
implementation of the special measures 
requires might exceed by far any reasonable 
provision for risks that the Contractor has taken 
into account in its tender.

it is unfair and dangerous to ask the 
Contractor to entirely bear the consequences of 
this risk.

The Clients, depending the type of Contract, 
can adopt several different risk sharing 
approaches.

special insurance coverage’s can help in 
limiting the financial burden caused by of these 
extraordinary events. 

KeYWorDs: Critical event, unforeseen, unforeseeable, risk, Geology, TbM, Contract; Tunnel
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figure 1. new line lnPCa in the horizon 2030

a risk analysis approach has been conducted 
as soon as the preliminary studies of a new line 
in the south of france. This has been made to 
compare a large number of variants, based on 
the evaluation of both the construction cost and 
the level of risk.

The estimated completion cost is based on 
at least a summary definition of the works and 
a sufficient knowledge of the geological context 
so as to choose the digging method and assess 
the level of uncertainty. 

Construction cost is estimated based on the 
most probable rock mass conditions. To simplify 
the analysis, only three kinds of typical working 
conditions are distinguished (favourable, 
average or unfavourable conditions). each 
of these kinds is associated with reference 
costs and the total amount corresponds to the 
technical estimation. 

uncertainties are then accounted for by 
the following headings that are added to the 
technical estimation: 

•	 The provision for imprecisions of the studies
•	 The provision for risks

The provision for risks represents the risk 
level, i.e. the estimated cost of the consequence 
of events that are feared to be the result of the 
uncertainties inherent to the geological context 
especially. unexpected events are all assigned 
a likelihood and a consequence (afTes, 2012).

figure 2. estimate breakdown

Therefore, the risk analysis starts by 
putting together a geological model. This is a 
representation of the most probable working 
conditions, based on available data. 

Then uncertainties are identified for this 
geological model. These are the uncertainties 
that are a source of risks. 

across several examples, it appears that the 
overall risk level is highly variable, depending on 
the complexity of the geological context but also 
on the level of knowledge. 

KeYWorDs: risk management, preliminary studies, provision for risks, cost estimate method



Tunnels for a better life.                                                                                                                           ISBN 978-85-67950-00-6

314 

Index for the Capacity Utilization of Linings in Tunnels (CULT-I) 
- A quantified risk tool for design optimization

s. Konstantis
Qatar Rail, Doha, Qatar

P. spyridis
Dr. Sauer & Partners, London, UK

a. Gakis
Dr. Sauer & Partners, London, UK

figure 1. elements for the calculation of CulT-i in a ClC

Typical cases of shallow urban tunnels 
excavated in soft ground with different methods 
are presented (TbM segmental Tunnel 
linings and naTM sprayed Concrete linings), 
demonstrating the practical application of this 
novel evaluation index.

2 ConClusion

The use of CulT-i can allow for a rationalized 
optimization and comparison of different 
designs, particularly on the basis of probabilistic 
engineering methods. CulT-i can also serve 
as a measure of reliability or robustness of 
the structural components and quantify the 
sensitivity of the tunnel structure’s response 
to the variation of the different parameters 
affecting the design. 

Moreover, the proposed methodology is 
consistent with modern project and tunnel risk 
management principles and approaches.

1 inTroDuCTion

in the process of dimensioning and detailing a 
tunnel lining, an increased structural robustness 
is pursued to accommodate the inherent 
uncertainties associated with the geotechnical, 
hydro-geological and environmental regime as 
well as to provide safety and durability in the 
design. 

Therefore and in order to develop a reliable 
and robust design approach, the designer must 
make use of stochastic methods to deal with the 
uncertainties and variability of the predominant 
geotechnical parameters affecting the lining 
design (iTa, 2004).

The contribution discusses the value of 
using probability-based techniques within 
an overall quantitative risk management 
and decision making process to define the 
optimum characteristics of tunnel linings in 
terms of structural performance and reliability. 
in particular, it discusses the quantitative 
evaluation of design robustness through the use 
of CulT-i, a new design index for the Capacity 
utilization of linings in Tunnels (Konstantis et 
al., 2013). This index is geometrically defined 
and uses a simple concept to measure the 
proximity of a design point to a Capacity limit 
Curve (ClC), as shown in equation (1) and 
figure 1 below. 

2 2
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+
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KeYWorDs: Tunnel, lining, uncertainty, risk, Probabilistic, optimization, Capacity utilisation 



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

315 

Proactive risk management - Helping to drive down insurance 
premiums and project costs

b.P. Denney
Marsh, London, UK
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Qatar Rail, Doha Qatar (former Marsh, London, UK)

s.r. Tillie
Marsh, London, UK

in order to limit their exposure in respect 
of physical damage losses occurring to 
tunnelling works, underwriters generally apply a 
percentage reinstatement limit. The contribution 
describes an alternative monetary reinstatement 
limit, which improves the cover in a number of 
ways and minimizes uninsured risk.

finally, it is demonstrated that the risk 
engineering capabilities and expertise of the 
insurance broker are a key success element of 
the insurance marketing process. 

2 ConClusion

Through the utilisation of proactive risk 
management, the size and frequency of major 
incidents has been reducing.

Clearly, risks and unforeseen occurrences 
can and will still occur occasionally regardless 
of risk management, however mitigating the 
severity and the frequency are key aspects to 
achieving the goal of project construction on 
time and on budget. 

insurance premiums reduce in direct 
proportion to understanding and management 
of risk and the implementation of an effective 
risk management program helps to drive down 
the frequency and size of large claims in the 
tunnelling industry. 

1 inTroDuCTion

risk is ever present in the underground 
works sector. However through proactive risk 
management and involvement of a risk advisor 
at an early stage, associated risks can be 
understood, allowing an informed decision of the 
financial aspects of project risk and insurance. 
The result is lower premiums, hence lower total 
cost of risk and cost savings, benefiting the out 
turn costs and improving the project program.

 The present contribution discusses the 
concept of insurance premiums being based 
on a sound understanding of project risks by 
insurers and highlights the crucial role of the 
insurance broker. 

The main hazards associated with tunnels 
and underground works and the requirements of 
the underwriters in the insurance pre-placement 
stage are described. 

furthermore, the contribution talks about 
the Code of Practice for risk Management of 
Tunnel Works (the Code) and its development 
due to past tunnel loss experiences, how a 
proactive approach can benefit tunnel projects, 
its link to best risk Management practice and 
how it can be applied to any civil engineering 
project, bringing the same benefits.  

The assessment of the Probable Maximum 
loss is discussed, which is a key element of 
the underwriting process and the insurer’s 
evaluation and consideration of the risk as it 
helps them to decide on the proportion of the risk 
that they are willing to retain and the necessity 
to arrange for reinsurance for their risk share. 

KeYWorDs: risk Management, risk engineering, insurance, PMl, Premium, Cost, Tunnel
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The NTNU Prediction Model: A Tool for Planning and Risk 
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1 inTroDuCTion

accurate predictions avoid time delays and 
budget overruns resulting in a control of the risk 
for tunnelling projects.

in hard rock TbM performance prediction, 
the penetration rate is main factor for estimating 
advance rate, cutter life and excavation costs.

Hard rock boring process is an interaction 
of the rock mass properties and the TbM 
parameters. 

The nTnu prediction model is widely used 
in the tunnelling industry for estimating the 
excavation rate and costs. The philosophy of 
the nTnu prediction model for hard rock TbMs 
is to combine the decisive rock properties and 
the relevant machine parameters.

The purpose of the paper is to analyse the 
nTnu prediction model as a tool for planning, 
risk management and claims.

in order to carry out the goal, an analysis 
of the penetration rate predictions accuracy by 
using the nTnu prediction model in a case of 3.4 
m diameter open hard rock TbM is performed. 
estimation of advance rate, cutter wear and 
costs are not contemplated in the present paper.

figure 1 shows the comparative results of 
the penetration rate predictions using the nTnu 
model with an average cutter thrust regarding to 
the ks level and the actual values.

 

figure 1. Comparative results for the prediction using the 
nTnu prediction model with average cutter thrust regarding 
to the ks level

The predictions by using the nTnu prediction 
model show a good fitting. The fitting is almost 
constant along the penetration rate values.

2 ConClusion

a different boreability role is found regarding to 
the fracturing factor (ks). Different levels of cutter 
thrust average should hence be used.

for the present studied case the nTnu 
prediction model has good reliability and good 
validity, 

The nTnu prediction model is indicated as 
a good tool for planning, risk management and 
claims in hard rock TbM tunnelling projects.

KeYWorDs: nTnu Prediction Model, Hard rock TbM, Planning and risk Management.
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Adapting the FIDIC Standard Form of Contracts for Underground 
Construction Projects

a. Marulanda
INGETEC-Consulting Engineers, Bogotá, Colombia

1 inTroDuCTion

The procurement strategy and type of 
contract selected for construction projects 
are fundamental elements to identify, assess, 
regulate, and allocate risk in a project.  a 
contract regulates risk ownership, and thus 
the responsibility to manage it and bear 
its consequences. a good contract should 
unambiguously establish the scope of work, 
allocate risks fairly, define procedural protocols 
and clearly enunciate roles and responsibilities 
(edgerton, 2008). When both contracting parties 
believe their relationship is regulated by a fair 
contract and their reward is for the known risk 
is within their control, the likelihood of project 
success increases. 

The fiDiC standard form of contracts are 
the most widely used contract conditions for 
the construction industry worldwide, specially 
for large scale infrastructure projects. Their 
popularity and wide acceptance is partly due 
to their applicability in different type of legal 
systems, clear and coherent language, and a 
perceived equitable distribution of risks. fiDiC 
contracts also satisfy the aforementioned 
characteristics of a good contract. However, 
fiDiC standard from of contracts require 
substantial modifications and complements to 
properly allocate and manage subsurface risk in 
underground construction projects. 

This paper discusses advantages and 
disadvantages of selecting a particular 
procurement strategy from an owner’s 
perspective and proposes specific contractual 

provisions to modify fiDiC standard form of 
contracts for tunneling projects.

2 ConClusion

The first decision the owner needs to 
make is selection of the procurement strategy. 
either the red (Design-bid-build) or Yellow 
(Design-build) books could be suitable for an 
underground construction project. The choice 
between the two options should depend on the 
owner’s capabilities and experience, as well as 
the project particularities.

To facilitate determining if a contractor is 
entitled to the recognition of extra costs and 
time in an objective matter, the fiDiC contracts 
should be modified to include a more specific 
differing site conditions clause, incorporate a 
Geotechnical baseline report (Gbr) as part 
of the contract documents, and implement 
a ground classification system that properly 
reflects the cost of excavating and supporting 
particular conditions.

independent on what fiDiC contract is 
used, items that may be potentially affected 
by differing site conditions should be handled 
with a unit price contract system, to determine 
the cost and time implications of unanticipated 
conditions, based on prices negotiated in the 
contract.

KeYWorDs: Contracts, risk management, claims, fiDiC, risk sharing, Gbr
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lower bound solution
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1 inTroDuCTion

The stability of the tunnel face during the 
process of construction is of key importance in 
the success of a tunneling project. face stability 
has been studied by means of limit analysis and 
numerical modeling. The numerical modeling of 
the face excavation process has been mainly 
performed by explicit/transient modeling since it 
is an efficient way of characterizing the failure. 
relating to limit theorems, there exists a vast 
literature about upper and lower bound solutions 
(see Guglielmetti et al., 2007). few researches 
have been performed related to reliability of the 
face stability.

in this paper, it is aimed to perform explicit 
reliability analyses by forM/sorM methods 
of the tunnel face construction by using the 
Carranza-Torres (2004) and Carranza-Torres 
et al. (2013) integration of the Caquot´s lower 
bound solution for the collapse of a cylindrical/
spherical cavity CTs.

The random variables of the problem were 
the soil cohesion, c, and internal friction angle, 
φ , with mean values of 7 kPa and 17° and CoV 
of 20% and 10%, respectively. also, a negative 
correlation of -0.5 between c and φ was imposed. 
The soil was considered to have a deterministic 
value of unit weight of 18 kn/m3. 

results (Table 1) showed that forM 
and sorM approximations were similar. 
This similarity suggests that the evaluated 
performance function (g=pi-pcrit) is smooth around 
the design point. Hence, forM approximations 
are sufficient to yield satisfactory results.

also, CTs was contrasted against Mollon et 
al. upper bound solution (Mollon et al. 2009b) 
and numerical analyses performed by Mollon et 
al. (2009a) (figure 1).

Table 1. Probability of failure depending on the actual internal 
pressure at the tunnel face.

pi [kPa]
Pf

forM sorM

51.4 5.00e-01 5.00e-01

60 7.92e-02 7.85e-02

70 1.94e-03 1.90e-03

80 1.17e-05 1.13e-05

90 2.25e-08 2.17e-08

100 1.71e-11 1.63e-11

Here, it can be verified that the CTS is located 
below the numerical solution of the problem. 
Therefore, it is conservative. it was expected 
owing that CTs is a lower bound solution.

figure 1. Different estimations of the reliability of the face 
stability depending on the approach.

2 ConClusion

This paper showed that forM approximations 
are sufficient to yield satisfactory results of the 
probability of failure. Also, it was verified that 
CTS is a conservative but efficient method.

KeYWorDs: reliability, face stability, forM, sorM.
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1 inTroDuCTion

in recent years, the TbM method has been 
widely adopted in numerous tunneling projects 
worldwide because this mechanized tunneling 
method is technically sensible, environmentally 
friendly with minimized noise and vibration, 
and presents an economical alternative to the 
conventional tunnelling method, in particular in 
unfavorable ground conditions for long drives 
with high advance rates. However, the TbM 
is less adaptable in coping with unexpected 
obstructions on the way of driving because this 
system can move backward only with great 
difficulty, which leads to delays or stoppages and 
an increase in construction costs. Therefore, the 
potential risk factors and their consequences in 
both the design and construction stages need 
to be predicted for TbM tunnel projects, and 
relevant measures need to be taken against 
each risk, so that all the risks are systematically 
managed to minimize the various and complex 
uncertainties of a TbM tunnel project.

for this purpose, this paper categorizes 
the possible risk of undesired events during 
TbM tunneling into cutter-related malfunction, 
machine blockage or hold-up, mucking 
problems that hinder transporting excavated 
materials, and segment defects. each risk factor 
is classified into one of three representative 
causes-unpredicted geological factors, design 
errors and construction/management errors-
to constitute a fault-tree (fT) set. along with 
the fT for risk factors, a systematic approach 
is proposed to quantify the probability of risk 

occurrence and the consequences of major 
risks for shield TbM tunneling by adopting 
a fault-tree analysis (fTa) and an analytic 
hierarchy process (aHP). The risk evaluation 
method proposed in this study was applied to 
shield TbM tunnel construction project of seoul 
subway section 000 for the case study. after 
conducting a survey of TbM experts, a risk 
analysis and evaluation process was performed 
using the proposed method.

 
 

 

figure 1. analysis of risk factors associated with cutter-related 
malfunction

2 ConClusion

As the result of case study, the most significant 
risks were evaluated as incapability of mucking 
and segment damage. it also provides the list of 
major potential risk based on the characteristic 
of each tunnel construction project.

The proposed method could be used to 
support decision making during design and 
construction with the aim of trying to avoid most 
of the undesirable events.

KeYWorDs: shield TbM, risk analysis, fault-tree analysis analytic Hierarchy Process
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1 inTroDuCTion

The DTss Project (Phase 1) consisted of 48 
km of main tunnel, 38 shafts and connecting 
underground structures. The main tunnel 
diameters vary between 3.3 meters and 6 
meters and the depth of the tunnels are between 
20 to 45 meters below ground. The project was 
divided into 6 contracts. The longest tunnel is 
7.7 km.

a safety Plan describing the safety 
Management system (sMs) was implemented 
in all the 6 contracts.

2 ConClusion

for the DTss Project (Phase 1), the safety 
of the personnel working in the tunnels as 
well as the safety of the public were of prime 
importance. Due to the depth and the length of 
the tunnels, transportation in the tunnels, and 
shafts construction were a major concern for the 
safety of the personnel. 

To achieve a safe working environment 
within the tunnels and shafts, detailed safety 
procedures were established and reviewed 
periodically. all stakeholders were involved.

Management’s approach in adopting a “no 
blame” policy encouraged all stakeholders to 
be proactive in safety and provide feed-back on 
any lapses. 

This culture of no blame policy played a vital 
role in ensuring that safety was the responsibility 
of all stakeholders and co-operation was the 
key in the successful completion of the DTss 
(Phase 1) project. 

KeYWorDs: Deep Tunnel sewerage system (DTss), safety Management system (sMs)
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1 la MaDDalena eXPloraTorY aDiT 
for THe Turin-lYon Hsr ProJeCT

The new Turin-lyon high-speed rail project 
for transportation of passengers and goods is 
located halfway along the future Mediterranean 
Corridor connecting seville in south-Western 
spain to budapest in Hungary. The project 
includes a 57 km-long alpine base tunnel, whose 
construction is expected to start in 2015, whose 
design is to make use of data collected from 
four exploratory adits, of which three in france, 
which were completed in 2010, and one in italy 
with entrance at a site named “la Maddalena” 
in the susa Valley, whose construction began 
in 2012. 

The primary function of the 7.5 km-long 
and 6.3 m-diameter “la Maddalena” adit is 
to investigate the rock mass in the ambin 
mountain complex. The same adit will be used 
as an access for bottom-up construction of the 
Clarea ventilation shaft for the base tunnel and, 
during operation of the latter, as an emergency 
entrance or exit for passenger safety.

2 oPPosiTion To ConsTruCTion of 
Turin-lYon Hsr anD iTalian aDiT

The Turin-lyon Hsr project is renowned for the 
strong “no TaV” (= “no Hsr”) protests in italy. 
This “no Hsr” movement, which started in the 
1990s with environmental motivations (effects of 
construction on water table, risk of encountering 
asbestos or radioactive materials, etc.), has 

snowballed and become a more general protest, 
now rebelling against uncontrolled use of 
taxpayers’ money, of taxpayers’ land use  and, 
in general, of a nation’s investment priorities.

in 2005 about 50,000 “no TaV” people 
marching from susa swept away the fencing 
around the exploratory adit’s construction site 
and, during violent clashes with the police, 
destroyed construction equipment. Construction 
of the adit was brought to a 6-year stop, the 
whole Turin-lyon project being re-considered 
to include solutions to main objections from the 
local authorities.

During land acquisition procedures to restart 
adit excavation in 2012 and in subsequent 
construction stages, “no TaV” protests 
continued, alternating peaceful demonstrations 
with more aggressive attacks on the site with 
protesters reduced in number but more violent 
than before, often engaged in guerrilla activity, 
using paper and Molotov bombs, rockets, 
catapults and other weapons. With permanent 
mobilization of Police force and army, actively 
involved during adit construction, works proceed 
according to schedule.

3 ConClusion

Major infrastructure construction requires 
acceptance by the local population to avoid 
protests getting out of control. During project 
implementation, communication with the local 
population representatives must never stop.
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An analysis of FIDIC red book contractual framework applied 
to underground works

M. russo
ICARUSS Consulting Engineers, Paris, France.

Worldwide used, the fiDiC contractual 
framework has been mainly thought for surface 
works. anyway the fiDiC conditions for contract 
have already been applied to underground 
works, both successfully or not. 

are the fiDiC framework clauses and 
philosophy compatible with the high variability 
of geology proper to underground works?

in underground works the risk analysis and 
the contractual sharing of risks is of outstanding 
importance, mainly in reference to geologic risks 
but also referring to other construction risks. is 
this philosophy compatible with actual fiDiC 
contracts?

also is it possible to modify or add some 
clauses without jeopardizing the entire contract 
equilibrium?

in this article the risk sharing philosophy 
included in fiDiC’s red book is examined and 
the risk sharing clauses are identified and 
analyzed.

While using fiDiC red book contractual 
framework for underground works, attention 
have to be put on:

•	 foresee a geology interpretation report that 
should provide a clear interpretation of the 
geology for the contractor. The actual 

•	 specify the detailed difference among tem-
porary and final works;

•	 Including a well defined BoQ to the contract
•	 foresee a unit rate revision at bigger rates 

than fiDiC’s principles
•	 foresee a fair risk sharing in consideration 

of custom’s procedures and power supply 
and on all of the events beyond contractor’s 

control in case the contractor may demon-
strate that he act with diligence.

General fiDiC red books principles are 
applicable to underground works with some 
modifications. It is indeed necessary to foresee 
some specific conditions to account for higher 
variability of the encountered conditions in 
underground as:

•	 Delay extensions in some cases not de-
pending by contractor and where he can 
demonstrate to have act with diligence.

•	 Conditions of applicability of the proposed 
prices and extents to entitle renegotiation. 
it is wise to extend the variability range in 
which is possible to renegotiate the unit pric-
es or specify support prices as “fixed rate 
items”.

•	 Provide an interpretation of base data to the 
Contractor so to establish a common base 
to settle its prices. The Contractor has to be 
held responsible only in case of manifestly 
erroneous interpretation of available data or 
in case of negligence.

•	 require a risk analysis in which the contrac-
tor shall detail the extent of geotechnical 
behaviors within which he established his 
prices.

KeYWorDs: Contract, fiDiC, Procurement.
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1 inTroDuCTion

in the current tunneling practice, the risk 
analysis and the structural Design are frequently 
considered two separate and independent 
items. on the contrary, according to the 
Geodata engineering (GDe) approach they 
are integrated in one unique rational process, 
structuring the so-called “risk analysis-driven 
Design (radD)”.

in the present paper, a short insight in this 
approach is presented, with particular reference 
to some more recent practical applications, 
developed by the collaboration with ingeroc, 
mainly involving the access tunnels to the new 
production level of the el Teniente mine (fig.1), 
the largest underground copper mine of the 
world.

uncertainty and variability are incorporated 
by probabilistic approach in all the steps 
of the design process, from the geological-
geomechanical setting to the final time & 
cost estimation. in particular, uncertainty is 
mainly managed by taken into account three 
geo-scenarios: favorable, more likely and 
unfavorable, while parameter variability is   
analyzed by best-fitting procedure and modeled 
by adequate probabilistic distributions.

The main geo-hazards for tunneling are 
identified and on the basis of the calculated 
probability of occurrence and potential impact, 
the initial risk is estimated.  Consequently, 
the mitigation measures are selected for each 
hazards and the support section types are 
rationally composed. by one iterative process, 

the structural dimensioning is developed, 
reducing the initial risk to an acceptable residual 
level.

 

figure 1. new Mine level access Tunnel system actually 
under construction.

2 ConClusion

The risk analysis-driven Design is an innovative 
approach in which the structural design and 
the risk analysis are integrated in one unique 
rational and completely probabilistic process.

The approach permits in all the phases, from 
the design to the construction, an optimal risk 
management of the typical uncertainties that 
usually affect underground excavation and in 
particular the long and deep tunnels.

KeYWorDs: risk analysis, probabilistic method, time & cost, structural design, el Teniente mine 
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1 inTroDuCTion

The proposed Crossrail station will comprise two 
ticket halls, two escalator/concourse tunnels, 
two platform tunnels, numerous cross passages 
and ventilation tunnels. all station tunnels are 
constructed using sprayed concrete lining (sCl) 
techniques. 

The geological conditions were the principal 
challenge for the design and construction of the 
farringdon station tunnels, excavated mainly 
within the lambeth Group, a heterogeneous 
formation comprising stiff to very stiff, 
overconsolidated clays with interbedded sand 
lenses of unknown orientation, size and water 
pressure regime, in an area crossed by four 
major geological faults. 

a comprehensive geotechnical risk 
management approach, adopted from the 
design through to the construction phase, 
making use of additional surface investigation, 
in-tunnel probing and a “live” 3D ground model, 
providing a robust framework for effective on-
site decision making is presented in this paper.

2 ConClusions

The integrated delivery team of Dr sauer & 
Partners (DsP-specialist sCl designer) and 
baM-ferrovial-Kier Joint Venture (bfK – main 
contractor) have established a robust and 
comprehensive geotechnical risk management 
process to address these risks. This has yielded 
a greater understanding of the residual risks 
and enabled to provide a tailor-made pattern 

of probing and depressurisation measures,  
consistent with the level of risk. Continuous 
improvements have also been achieved by 
feeding newly-acquired information into the 3D 
bGs ground model; this increased knowledge 
and confidence about the ground has enabled 
the project team to provide ever-improving 
predictions about the anticipated conditions 
(see figure 1). 

figure 1. face mapping of the excavated top heading of Pl1 
enlargement, encountering a historical pile and farringdon 
fault.

in addition, DsP and bfK have developed 
an effective strategy for deploying toolbox items 
to react to adverse conditions encountered.

KeYWorDs: risk & probability analysis; Tunnels & Tunnelling; Geotechnical risk Management
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1 inTroDuCTion

Tunnelling construction is an activity inherently 
subject to several sources of uncertainties, such 
as those related to the natural variability of soil 
parameters, knowledge uncertainty to represent 
the real world through engineering models 
and decision model uncertainty, which reflects 
the inability of the parties with vested interests 
in tunnel construction to decide in perfect 
alignment with subjective preferences. 

Despite the successful completion of most of 
tunnelling projects around the world, a number 
of collapses has been observed irrespective the 
location and construction method employed, 
leading to “failures” that range from cost and 
time overruns to loss of human life.  

in order to accommodate the aforementioned 
uncertainties, quantitative probabilistic methods 
have been applied in different contexts, be it 
for defining the construction strategy for a TBM 
tunnel (rita and einstein, 2012) or modelling the 
construction time (spacková and straub, 2013), 
amongst other uses.

one of the primary concerns of those who 
are involved in a tunnel construction project is 

face stability, particularly in shallow tunnels 
developed in urban environment. 

both empirical and analytical models for 
evaluating the safety factor of face stability, which 
are normally based on soil strength parameters, 
have been often employed. However, the 
uncertainties regarding soil parameters should 
spur a more widespread use of probabilistic-
based analysis for stability assessments.

simulation methods based on randomized 
input, generically called Monte Carlo simulation 
Methods (MCs), have been broadly utilized 
with the advent of personal computers. These 
methods present advantages since they allow 
to derive the Probability Density function (PDf) 
of the dependant variable from the moments 
associated with the independent variable(s), 
chiefly in the case in which the relation among 
variables is highly nonlinear and correlation is 
present.

This paper presents the application of 
MCs for creating randomized inputs in order 
to evaluate face stability through the model 
proposed by Mülhaus modified by Sozio (2004).

KeYWorDs: Probabilistic assessment, Monte Carlo, Tunnel stability.
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1 inTroDuCTion

several rails were built in brazil in the 1940s 
and most of them have numerous tunnels that 
were excavated in rock mass with quality from 
very good to poor and some of these tunnels are 
unsupported. The rail Vitoria-Minas connecting 
the city of belo Horizonte, Minas Gerais, to 
Vitória, espírito santo state is about 905 km 
long, with a total of 44 tunnels totaling 27.8 km 
altogether.

in tunnel and mining openings excavated in 
jointed rock masses at relatively shallow depth, 
the most common types of failure are those 
involving wedges falling from the roof or sliding 
out of the sidewalls of the openings. These 
wedges are formed by intersecting structural 
features, such as bedding planes and joints, 
which separate the rock mass into discrete but 
interlocked pieces.

2 unCerTaniTY anD reliabiliTY 
analisYs

in Civil engineering, especially in the 
Geotechnical engineering, the rock masses 
properties are random variables and they need 
dealt in terms probabilistic.

one way to quantify the probability of failure 
is to determine the reliability index of this event 
using reliability method fosM.

Two types of assessment were performed, 
firstly with mean values for the discontinuities 
properties and secondly considering the natural 
uncertainties of the discontinuities properties.

The figure (1) show the potential unstable 
blocks, using the unwedge software, and the 
Table (1) summarized the results obtained by 
each type calculation.

figure 1. unstable blocks formed around excavation

Table 1. Deterministic/ reliability analysis factor of safety

block fs β Pf

4 1.78 4.16 1.59e-5
5 1.41 1.16 1.23e-1
6 0.94 -0.63 -
8 0.00 0.00 -

3 ConClusion

acceptable values of the safety factor does not 
always lead to appropriate values of probability 
of failure. in this analysis for a safety factor of 
1.4, a high probability of failure (Pf~0.12) was 
found. in this analysis the high probability of 
failure is due to the high standard deviation 
of the discontinuities orientation and the high 
dependency of the probability of failure to the 
JrC parameter.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

327 

Behavioral uncertainty for rock tunnels: Implications for 
rockmass definitions or predictions in geotechnical baseline 
reports

M.C. van der Pouw Kraan
Queen’s University, Kingston, Canada

M.s. Diederichs 
Queen’s University, Kingston, Canada

1 inTroDuCTion

on north american tunneling projects, uncertainty 
surrounding the expected ground conditions 
presented in the geotechnical baseline report 
(Gbr) often result in conservative Gbrs or an 
abundance of contractor differing site condition 
(DsC) claims. rockmass behavior in Gbrs is 
typically presented with rockmass classification 
systems or with a number of rockmass behavior 
classes. This paper presents a new approach 
to present the expected ground conditions in 
a Gbr where the range of rockmass behavior 
is plotted as a composite result of the critical 
geomechanics parameters. This representation 
then allows expected behavioral likelihood to be 
assessed as a function of uncertainty in these 
key parameters. 

in this analysis, a 10m span drill and blast 
tunnel in a hydrothermally altered diorite in 
mountainous terrain was considered. The entire 
rockmass behavior range was determined by 
varying the intact rock strength, in-situ stress 
and ratio (K), and Geologic strength index (Gsi), 
producing 210 unique behavioral rockmass 
models. eight unique rockmass behaviors and 
three transitions or combinations of behaviors 
were identified. Two behavioral model examples 
are shown in figures 1 and 2.

The composite rockmass behavior results 
could prove to be a useful tool for Gbrs as a 
greater range of rockmass behaviors, as well 
as transitions and combinations of different 
rockmass behaviors must be considered by 
both the owner and contractor.  

While this approach may increase tunnel 
project bid prices as there is a greater range of 
expected rockmass behavior for a contractor to 
consider, it may also reduce the possibility of a 
DsC claim. However, before this method can be 
incorporated into the current state of practice 
there are several questions which require further 
industry discussion. 

figure 1. example rock mass behavioral model – stress 
induced structural failure.

figure 2. example rock mass behavioral model – raveling.

KeYWorDs: geotechnical baseline report, behavioral uncertainty, differing site conditions
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1 inTroDuCTion

at present, the railway construction in China is 
on a rapid development stage. long drill-blasting 
railway tunnel usually has the characteristics of 
long construction time and high cost, accordingly, 
it is often serves as the critical projects during the 
whole railway construction period, especially for 
tunnels locating in southwest mountainous area 
of China. so accurately assess the construction 
time and cost of long drill-blasting railway tunnel 
is very important.

firstly, this study summary the construction 
of each construction site as four relatively 
independent phases, that is, construction 
preparation, portal construction, trunk 
construction and auxiliary project construction. 
The target of this study thus is changed 
to research on the time and cost of each 
construction phase.

secondly, identifying the basic construction 
activities of each construction phase, we make 
study on the effect of each activity on the 
total time and cost of the tunnel construction.  
Through extensive investigation, site survey 
and expert interview, distribution characteristics 
of time and cost of each constructing activity 
is obtained. and then combined with Monte 
Carlo method, the calculation model of tunnel 
construction time and cost is determined.

finally, we program the decision-making 
aided system based on web platform toward 
management of construction time and cost 
of long drill-blasting railway tunnel. and the 
programmed software is applied to actual 
project simulation.

2 ConClusion

Through identify of basic components of 
construction time and cost and simulate using 
Moto Carlo Method, we can get the relationship 
between construction time, cost and mileage. 
The aided system based on web platform allows 
us to exchange data conveniently and the 
databases can provide references for similar 
engineering.

The simulated result reveals that this 
decision-making aided system can accurately 
predict time and cost of long drill-blasting 
railway tunnel. Moreover, by using various 
scheme designed (various construction face, 
different construction method option, different 
combination of construction process and so on) 
in this software, users stimulate time and cost 
of tunnel construction repeatedly until users 
get the optimal scheme, which will effectively 
assist the decision-makers to determine the 
reasonable investment and time of construction 
of long drill-blasting railway tunnel.

KeYWorDs: drilling and blasting method, long railway tunnel, construction period and cost.
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1 inTroDuCTion

The evolution of road tunnels in our country 
has always been closely linked to the history 
of transportation around the world. However, 
in Colombia, this evolution was initially more 
associated with the pre-Columbian trails, which 
were later on improved during the spanish 
occupation. The trail between Sogamoso and 
Yopal, for example, was of special relevance. 
This trail was created between the 16th and 
19th  century and ran through El Morro and 
Labrazagrande. it had two (2) small tunnels 
whose combined length was less than twenty-
five (25) meters. They represent the first 
relevant sample of the building of tunnels 
for the transportation of people, goods and 
merchandise in Colombian territory.

The national railroad boom from the mid 19th 
and beginning of the 20th century brought the 
beginning of massive construction of this type 
of infrastructure projects, with a total of more 
than eighty-five (85) tunnels with a combined 
length of eleven (11) kilometers built all over 
the country. Without a doubt, the tunnel of la 
Quiebra, which was inaugurated in 1929, was 
the most important of all. it was built on the line 
of el ferrocarril de antioquia (“The antioquia 
railroad”) and was 3.742 meters long. later on, 
the mass production of cars running on gas and 
the peak of the railroads in our country triggered 
the development of national highways. Most of 
them were initially built with low specifications 
and in mountainous areas, joining the country’s 
main urban centers. Due to the complexity of 

the Colombian orography, since the 1950’s, 
fantastic engineering projects were gradually 
conceived and implemented more and more for 
the construction of these highways

2 ConClusion

looking the evolution of highway road tunnels 
in Colombia and its immediate future, we can 
conclude that the country has developed 
tendencies that are typical for an andean 
country. These tendencies are basically tied 
to the selection of excavation and support 
methods, which is the fundamental criterion for 
the selection of the final lining in tunnels, and 
finally, the adoption of short tunnels rather than 
large cuts along our mountain ranges. 

from a geomechanical perspective, 
Colombia has been developing the so-called 
“andean Tunneling Method”, which is a method 
that allows us to anticipate both the behavior 
of rock mass and the engineering rock mass 
classification, providing in its turn practical 
guidelines for the empirical formulation of 
tunneling support recommendations for different 
diameters in the south-american andes. 

actually in Colombia, there is a general trend 
towards adopting cast in situ concrete lining 
rather than sprayed concrete lining, keeping 
in mind aspects such as the drainage of the 
underground works, the durability of sprayed 
concrete, and its influence on the safety of the 
tunnel and its operation.

KeYWorDs: road Tunnels; History, Cast in situ concrete linings.
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1 inTroDuCTion anD sCoPe of THe 
PaPer

Geometrical alignment conditions as well as 
topography restrictions lead to portal designs 
which do not necessarily intersect the ground in 
a desired perpendicular angle.

The traditional design approach is framed 
by two principles: i) perpendicular intersection 
of the tunnel axis to the morphology contour 
lines and ii) “sufficient” overburden (vertical 
and lateral) to assure confined conditions. 
However, the application of such principles for 
asymmetrical portal conditions leads to high 
cuts (and inherent costs) in order to achieve the 
desired confinement, the next figure 1. illustrates 
the situation. 

figure 1. Comparison between overburden and allocation of 
the tunnel. (Cross section)

lack of portal design guidelines and a 
vague understanding on the rock mass lead to 
costly conservative portal designs with complex 
construction procedures, longer construction 
time and higher environmental impacts.

The present paper proposes a new 
approach for skewed portal design based on a 
complete understanding of the rock mass. The 
procedure includes a 2D numerical approach 
and a complementary 3D numerical model for 
comparison and optimization. 

a case study, successfully built, is presented 
where the traditional approach was firstly 
implemented, however, due to working area 
restrictions and an evident impact on the cost 
it was necessary to develop a new approach 
for the portal design. The case study makes 
a comparison between the traditional and the 
proposed approach.

2 ConClusion

The proposed approached reduces support 
requirements and fulfills the necessary safety 
factors. The reduction is achieved by properly 
analysis the natural slope stability and its 
influence on the global stability.

it was established through numerical 
methods, and later, during construction that 
skewed portal have as critical points the tunnel 
crown and the sidewall with low confinement, 
based on this conclusion preliminary support 
should be installed beforehand

KeYWorDs: Portal design, skewed portals.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

333 

Tunnel Kresna – the longest twin tube road tunnel in Europe 
will be in Bulgaria!
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1 inTroDuCTion

There are five significant European corridors 
passing through bulgaria. Within the road 
transport the priority is the completion of 
highways Marica, struma and the black sea 
(Černo more). Struma motorway is a part of 
Trans European Corridor no. IV from Sofia to 
Kulata and provides north – south route through 
bulgaria.

Tunnels Zheleznitsa and Kresna are part of 
the struma lot 3 highway. Tunnel Zhezeznitsa is 
2.5 km long. The Tunnel Kresna, with the length 
of 15 km, is to be the fourth longest road tunnel 
in the World and the World’s second longest 
twin-tube tunnel. as the Tunnel Zhongnanshan 
(the first longest twin-tube tunnel) is located 
outside the europe and other tunnels had been 
constructed before the Directive of the european 
Parliament and of the Council 2004/54/eC came 
into the force, the tunnel Kresna will be the first 
tunnel of its kind in europe. 

The route of lot 3 crosses the Kresna Gorge 
which is highly sensitive area in terms of nature 

protection as it affects naTura 2000 protected 
area bG0002003 “Kresna” and other protected 
sites. in order to avoid the negative impact on 
the environment and difficult terrain of the gorge 
it is proposed to build the tunnel of the same 
name under the west slopes of Kresna Gorge. 
Construction work and tunnel operation have 
the potential to involve complex methods which 
would cause significant environmental impact 
and generate large amounts of waste materials 
requiring disposal sites.

since the tunnel construction is a challenging 
task it is essential to propose optimal solution 
which minimizes impacts on surface and 
provides quick and safe tunnel driving. in this 
case is important decision on tunnel driving 
method (TbM or naTM).

Design of such long tunnel requires 
high consistency of the proposal in terms of 
driving safety, geological risk identification 
and operation safety. especially designer of 
ventilation shall bear in mind traffic safety and 
minimizing the impact on protected areas.
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1 inTroDuCTion

Tunneling in historical cities are challenging in 
terms of meeting the deadlines. However the 
findings may be so valuable that the construction 
delays will not be of concern.  

istanbul city is the only city founded on two 
continents and have been the capital of three 
empires; roman, byzantine and ottoman, 
nurtured by these civilizations.  Marmaray 
Tunnel project to connect asia and europe 
began in 2004. The total length of the project 
is 77 kms and consists of immersed tube tunnel 
under bosphorus, bored tunnels under the city 
on european and asian sites and four new 
stations in Kazlicesme, Yenikapi, sirkeci and 
uskudar. The archeological excavations are 
carried out in uskudar, sirkeci and Yenikapi 
station construction sites. During the Yenikapı 
station excavation, an ancient byzantine Port 
was explored. Thirty two ancient shipwrecks 
were detected in geological layers which 
were dated between 4th and 11th centuries. 
1.8 m below the port elevation remnants of 
neolotic civilization were found making istanbul 
the oldest city witnessing civilizations from 
8500 years before to present. The geological 
formation of bosporus strait dates back to 7500 
years. before the Marmaray Tunnel construction 
began there was no information about human 
civilization dating back to geological time when 
bosporus strait was formed. With the recent 
findings of 347 footsteps dating back to 8500 
years now we know that neolithic people has 
settled in this region before the formation of the 
bosporus

2 ConClusion

Tunneling projects in old cities may lead to very 
important archeological findings although being 
blamed for slowing the project completion time. 
istanbul Marmaray Project has been a unique 
case history where a lot of important learning 
outcomes can be derived for government 
officials, tunnel contractors, civil engineers, 
archeologists and urban developers. This 
unique project uncovered 8500 years of history 
of civilization for istanbul. 

each geotechnical and geological 
investigation must involve a sedimentology 
analysis. radioactive dating of the soil removed 
from borings will give a clue about the recent 
sediments which the excavation operations in 
such layers should be conducted more carefully.

The subcontractors executing the excavation 
and retaining structures of the stations should 
be trained about the consequences of their 
operations on potential archeological artefacts.

The added value of the archeological findings 
to the city’s brand name is precious. There 
should be some economic impact analysis of 
these findings  on the tourism revenues of the 
city. The lessons learned from Marmaray case 
will be valuable for future extension projects 
and underground constructions that will be 
undertaken in istanbul.

KeYWorDs: Tunneling in old cities, subway station construction, archeological artefacts.
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1 inTroDuCTion

Populations’ propagating towards cities, and the 
need for efficient transportation has generated 
the need for better underground space utilisation 
and the development of Metro systems in major 
world cities since the 1950’s. 

This paper examines the generic costs 
associated with tunnelling related projects and 
the reasons for variations in 4no. countries, and 
aims to provide insights into some of the financial 
aspects and cost differences associated with 
underground Metro systems in 4no. major cities 
within specific countries. 

it is well known in the tunnelling industry 
that cost overruns, and large financial claims 
on underground urban or tunnelling projects 
tend to be the norm in some countries. These 
cost overruns are often associated with the 
civil and underground elements of the projects. 
This paper touches on some of the reasons for 
cost variations between different countries for 
similar major underground infrastructure Metro 
projects.

Table 1. Metro cost comparison between Hong Kong, 
singapore, shanghai and london. – Percentage Cost 
Difference relative to Hong Kong Wil in 2010

item of Work 
(based on per m3)

Hong 
Kong 
Wil
(%)

singapore 
DTl3
(%)

shanghai 
line 4

(%)

london 
Crossrail

(%)

Civil Works 0 +12.7 +3.1 -4.2

architectural 0 +0.7 -2.4 +1.8

building services 0 -1.6 +0.4 +0.4

e&M.and 
P-way

0 -1.1 +9.2 +1.0

signalling & 
Control

0 -1.3 +7.0 +9.3

rolling stock 0 -2.2 +8.4 -2.5

Contingency & 
Claims

0 -6.1 -9.5 -6.1

Design 0 -0.4 -4.6 -3.2

Client 
Management

0 +0.4 -9.5 -5.5

land costs 0 -1.1 -1,1 +9.0

Commissioning 0 -0.2 -0.9 -0.2

2 ConClusion

it has been demonstrated that comparing the 
costs associated with underground construction 
of Metros systems in different countries is very 
complex due to the many parameters that affect 
the total costs. The main findings revealed that 
lower labour costs may not necessarily lead to 
lower tunnelling costs.

KeYWorDs: Cost comparison, Metro, Tunnelling projects.
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1 inTroDuCTion

The use of tunnel boring machines is increasing 
tremendously in Turkey. However, the 
complexity of geology causes important failures 
and inefficiency in mechanical excavation 
process. in this paper, the problems of frequent 
changes in geology in Kadikoy-Kartal metro 
project, and closing the openings; the change 
of all cutters in beykoz tunnel in zones having 
different geological characteristics; squeezing 
problems in bilecik-Kosekoy, uluabat, and Kargi 
tunnels; face collapses in different tunnels; 
methane explosion in selimpasa tunnel, the 
excessive cutter wear in TbMs worked in 
Marmaray Project and beykoz Tunnel; the 
difficulty of using slurry machines in Istanbul; 
will be explained in detail. The causes and the 
effects of the problems and remedial works will 
be explained in detail to overcome possible 
future problems.

2 ConClusion

Tunnel face collapses hence TbM cutterhead 
blockages are primary concerns in weak rocks 
or in the rock formations where geological 
discontinuities are abundant such as in 
Kozyatagi-Kadikoy, Marmaray tunnels, beykoz 
tunnel and eskisehir Kosekoy T26 tunnel. in 
such cases, the openings of the cutterhead 
should be reduced by placing grizzly bars on 
the cutterhead.

The existence of boulders, in alluvium or 
in sediments, like in beykoz tunnel, damages 

the cutters. in such cases, to overcome the 
problems to be faced, the cutterhead should be 
fitted with an adequate tool arrangement, i.e. 
with a combination of disc cutters and scraper 
bits. The cutterhead revolution should be kept 
around 1-2 rpm and foam and chemicals should 
be used to reduce the impact action of the 
cutters and cutter consumption rate.

in slurry TbMs, the diameter of the slurry 
pipes and the place of the crusher within the 
cutterhead are very important parameters to be 
determined in fractured and abrasive rocks, like 
in Marmaray tunnels. if they are not adequately 
determined, the pipe blockages / clogging and 
frequent change of the pipes occur affecting 
TbM daily advances in a great quantity. 

squeezing ground conditions is a big 
problem of complex geology in Turkey as 
happened in uluabat, T26, and Kargi tunnels. 
in such cases, the squeezing characteristics of 
the ground should be predetermined and TbM 
should have adequate thrust and torque and 
equipped with copy cutters.

in frequently changing geology, like in 
beykoz tunnel, the possibility of changing the 
cutter type should be considered taking into 
account the basic principles of rock cutting 
mechanics. This modification proved to increase 
tunneling efficiency in a great amount.

sinking of a TbM in unfavorable conditions 
may happen as in T26 eskisehir-Kosekoy tunnel 
even to a value of 1.3 m. in such a case, pulling 
ropes proved to be adequate solution.

KeYWorDs: TbM face collapse, boulders, squeezing ground, disc wear, TbM sinking, methane.



Proceedings of the World Tunnel Congress 2014. Negro, Cecílio and Bilfinger (editors), Iguassu Falls - Brazil. São Paulo: CBT/ABMS

337 

Factors affecting the performance of a double shield TBM in a 
very complex geology in Kargi Turkey

M. Yurt, a. ozturk, Z. arslan, C. nuhoglu
Gulermak, Kargi, Turkey

l. oystein, e. erdogan, b. atlar, Y. Palakci
Statkraft, Kargi, Turkey

n. bilgin
Istanbul Technical University, Istanbul, Turkey

1 inTroDuCTion

The Kargi Hydropower Project which is 
developed by the Turkish General Directorate 
of electrical Power resources surway and 
Development administration (eie), is situated 
on the Kizilirmak river, downstream osmancik 
Town in Corum Province. The project is under 
development by Kargi Kizilirmak enerji a.s, 
a subsidary of statkraft enerji a.s, which is 
owned 100% by the statkraft, europe’s largest 
producer of renewable energy. eMra (energy 
Market board autority issued the licence to build 
and operate for 49 years. Construction started 
in January 2011.

estimated mean annual production is 
470 GWh which is approximately 1% of the 
total current hydropwer capacity in Turkey. 
installed capacity is 102 MW, gross head is 
75m, maximum discharge is 167 m3 /sec, type 
of dam is earth-fill dam with a height of 13.5m, 
inundated ares is 4 km2. none of the villages 
in the valley will be flooded. The geology 
con Metamorphites and 2500 m mélange of 
Kiraztasi-Kargi ophiolites and graphitic schist.

2 MeTHoD of eXCaVaTion

a double shield robbins TbM of 9.8m of 
diameter is being currently working in the area 

Total thrust of the machine is 135 Mn thrust 
with additional cylinders is reached up to185 
Mn. The original torque of the machine was 3 
Mnm, later the torque capacity was increased 
to 6 Mnm .

3 ProbleMs enCounTereD DurinG 
Tunnel eXCaVTion Due To THe 
CoMPleXiTY of THe GeoloGY.

The main problem was the jamming of the 
cutterhead due to the squeezing characteristic 
of the ground. as seen from figure 3, from 
chainage 11+850m to 9+650m, 281 days 
were spent for stoppages, with 68% time 
spent for opening rescue galleries and salvage 
operations.

During tunnel advancement in Kargı Tunnel, 
rock samples were collected in 12 different tunnel 
excavation areas for detailed geotechnical, 
mineralogical and petrograpycal analysis, and 
majority of the analysis showed that smectite 
existed in the rock samples. it is apparent that 
one of the main raisons of the TbM jamming in 
Kargı Tunnel was the existence of swelling clay 
minerals in the tunnel route. The second reason 
of TbM squeezing was the weak rock and high 
overburden conditions. 

4 DisCussion anD ConClusion

Due to a careful side observation, analyzing 
TbM data and remediation programme, daily 
advance rates of TbM increased considerably 
reaching a mean daily advance rate of 20m in 
september and october 2013.

KeYWorDs: TbM jamming, squeezing ground, swelling ground
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1 inTroDuCTion

The Marmaray Project is a modern fast rail-track 
transportation scheme of 76.3 km connecting 
the european and asian sides of the istanbul 
City underneath the bosphorus at a depth of 58 
m. The objective of the Project is to establish 
a transportation capacity for about 150.000 
passengers per hour in both directions and to 
reduce the present total travelling time of 185 
minutes by nearly half.

The total route of the bC1 Contract, 13.6 
km, is shown in the following longitudinal profile, 
where the twin TbM-1 tunnels are located along 
a length of 2430 m between the Yedikule and 
Yenikapı sites on the European side of the 
istanbul City:

figure 1. Project route

2 TbM WorKs

The tunnels were driven by an earth Pressure 
balance (ePb) Tunnel boring Machine (TbM) 
under a shallow cover of 8 to 15 m of saturated 
soft ground of the old agricultural land, where 46 
existing wells had been identified and backfilled.
The works related to these tunnels, are 
explained in the present paper including the 
particulars related to:

•	 Geology and Ground Conditions,
•	 Tunneling under the ePb Method,
•	 TbM equipment,
•	 Precast segments,

•	 Work History and Tunneling Progress,
•	 organization and Hse Performance,
•	 impacts on the built environment,
•	 Tunnel induced Deformations.

3 ConClusion

The experience acquired with urban tunneling 
under shallow cover of soft ground is briefly 
outlined herein below:
i. The interferences with the built environment 

(be), utilities and deep foundations must 
be clearly identified and incorporated into 
the design process for determination of the 
tunnel alignment and grades,

ii. The precautionary and protection measures 
on the be must be diligently determined 
through a risk assessment and Mitigation 
Plan (raMP) and implemented in advance 
of the tunneling to avoid interruptions,

iii. The existing wells must be clearly identified 
and backfilled,

iv. The settlements are of the combined 
function of the local geology, water table and 
the TbM operation quality,

v. a manual of operational instructions must be 
prepared and be strictly applied whereas the 
TbM operators must be trained to undertake 
instantaneous initiatives when and where 
necessary,

vi. The equipment selection must be based on 
operational experience in compliance with 
the particulars of the tunnel rather than the 
commercial concerns,

vii. adequate guaranties must be obtained from 
the supplier for nearly 100% availability,

viii. experienced and competent staff must be 
employed to assure continuous work,

ix. Water tightness of the segments must be the 
first essential step to avoid water inflow into 
the tunnel, 

x. A Task Specific HSE Plan must be prepared 
on the basis of a raMP and strictly adhered 
to at all levels and special care is needed 
during mantling and dismantling operations. 

KeYWorDs: TbM Tunneling, shallow soft Ground, ePb Method, Tunnel induced Deformations
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Learned lessons from accidents on underground 
constructions in São Paulo City, Brazil

G. C. Campos, W. s. iyomasa
IPT - Institute for Technological Research and Anhembi Morumbi University, São Paulo, Brazil

V. l. Galli
IPT- Institute for Technological Research, São Paulo, Brazil

KeYWorDs: accidents, risks, lessons.

1 inTroDuCTion

in recent decades, the metropolitan area of 
são Paulo city faced a great number of large 
underground constructions; with them, there 
were some accidents that raised questions 
about engineering solutions in use. The 
investigation of the factors involved in these 
accidents brought a great learning experience 
for professionals linked to the works, such as: 
the importance of geological and geotechnical 

most accurate investigation, the increasing use 
of non-destructive methods (geophysical tests), 
mapping the excavation fronts for identification 
of technical features of soils and rocks and the 
systematic analysis instrumentation, with the 
establishment of emergency alert levels and 
contingency plans. This paper aims to discuss 
the importance of these and other activities 
regarding design and implementation of urban 
tunnels.
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Are ground settlements really always permanent? Something 
strange happens in the soft ground section of the Vedeggio – 
Cassarate Tunnel

G. Como
Lombardi Engineering Ltd, Minusio, Switzerland.

G. Gubler
Lombardi Engineering Ltd, Minusio, Switzerland.

1 inTroDuCTion

The road tunnel Vedeggio-Cassarate is a 2.6 
km long double way tunnel in the southern part 
of switzerland.

The different geological conditions identify 
three main sections of the tunnel, namely: a 
rock section of about 2.4 km length, followed 
by a soft ground section of about 200 m length 
and a cut and cover section of 60 m length. The 
paper analyses the behavior of the ground in the 
soft ground section. 

The geology of the section in soft ground 
is represented from very heterogeneous 
sequences of quaternary glacial lake and fluvial 
sediments, going to the weak condensed silty 
sands to the quite pure practically impermeable 
over-consolidated silts. in such a ground 
structure the ground water was encountered 
in artesian conditions at many different 
independent levels with water heads reaching 
up to 20 m above the ground surface. The 
overburden in this section increases from 5 
m right after the portal up to 40 m by the rock 
limit. on the surface some private houses and a 
public school are present. 

in the last about 50 m toward the rock 
section the excavation passed through a large 
closed layer of silty gravel, confined on one 
side from the rock and on the other sides from 
over-consolidated impermeable silts. The water 
pressures measured previously to the works 
start in this layer reached up to 2 -3 bars. 
During the very first drainage drilling executed 
in advance of the tunnel face in this layer an 

immediate dramatic drop of the groundwater 
pressure was observed in all the piezometers 
reaching the depth of this layer, immediately 
followed from settlements on the surface. 

after completion of the inner lining, which 
includes a full sealing membrane, a rapid 
general restore of the water pressures up to 
the levels measured previous to the works start 
was observed together with a slow reduction of 
the settlements (uplift of the ground), which in 
some cases reached up to 40% of the maximal 
measured deformations.

2 ConClusion

The uncommon behavior of the ground may be 
attributed to the particular geology and hydro-
geology of the site containing a stiff extremely 
impermeable over-consolidated ground layer, 
which confines a more permeable ground layer 
carrying an artesian groundwater table with 
high hydrostatic pressure. such situations imply 
very immediate reactions of the groundwater 
pressures and of the ground (in form of 
settlements) to every slight change (drainage) 
induced to the hydro-geological conditions. if 
the initial groundwater pressure conditions are 
finally restored these reactions could even lead 
to a partial recovery of the observed ground 
settlements. 

in presence of similar conditions the 
possibility of such extreme behaviors of the 
ground should be taken into account in order to 
avoid unexpected events and prevent damages 
to existing buildings an infrastructures.

KeYWorDs: ground uplift, artesian groundwater, settlement, piezometer, survey, restore, recovery.
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Enhancing EPB shield drives in rock and mixed face 
conditions in Panama City

M. Comulada
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f. Pizzocaro
Constructora Norberto Odebrecht, Panama City, Panama.

1 inTroDuCTion

several known ePb shield reference projects 
in rock can be picked out worldwide. However 
fewer are the large diameter ePb shield 
drive projects excavated in rock under the 
groundwater table in densely populated areas 
for metro projects.

The excavation of the first metro line in 
Panama City sets a benchmark in rock shield 
tunnelling due to its typically urban area 
boundary conditions with strict limitations on 
maximum admissible settlements, excavated in 
fractured rock under the groundwater table and 
the successful timely termination of the project. 

The 6,9 km shield drives were executed with 
two 9,77 m diameter ePb shields in 14 months 
including arrival and launching procedures in a 
total of 6 stations. The geology of the face is 
mainly characterised by Tertiary volcanic tuff, 
andesite and basalt from sound rock to highly 
weathered rock or even residual soils. The 
predominantly fractured rock conditions connect 
the groundwater table of the overburden soils 
to the excavation face. Therefore, groundwater 
pressures of up to 3 bar had to be balanced to 
avoid groundwater flows towards the excavation.

operation in fully closed ePb mode in rock 
would have resulted in low excavation rates 
and high tool wear. Therefore, the appropriate 
selection of the ground conditioning, shield 
operation modes and an innovative face 
pressure control through a pressure controlled 
air bubble in the excavation chamber, allowed to 
enhance the use of ePb shields in unfavourable 
conditions. 

2 ConClusion

The shield driven tunnels for Metro line 1 in 
Panama City were completed in schedule in 
adverse conditions for pressurized ePb shield 
technology.

The key success factors played a decisive 
role, specially the definition of operation modes 
compatible both with the geotechnical and 
hydrological conditions as well as with the ePb 
technology. 

The approach followed can serve as 
benchmark for further shield tunneling projects 
excavated in rock under the groundwater table 
in urban area.

KeYWorDs: ePb shield, rock tunneling, urban area.
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Shield urban tunnelling developments applied for the 
extension of Sao Paulo´s Metro 

M. Comulada
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1 inTroDuCTion

Sao Paulo´s Metro network comprises five lines 
in service with a total extension of 107 km for 
one of south america´s most boosting cities 
with a population of over 11 million inhabitants. 
The network can be considered to still be in its 
early stages after the first line was constructed 
in 1968 and it is presently undergoing an 
extension. 

Whilst sao Paulo´s settlement-prone Tertiary 
soils and also the Crystalline basement with 
its different weathering and fracturing grades 
and the high abrasiveness pose challenges 
to shield tunneling, they actually represent 
optimum conditions for high performance shield 
tunnelling. 

The paper deals with the experiences gained 
by Contractor Construtora norberto odebrecht 
and Consultant Maidl Tunnelconsultants in 
the construction of the metro lines with shield 
tunnelling technology.

line 4 construction is presented as a 
benchmark in urban tunnelling in soils in some 
of the busiest areas of the city without the 

use of ground improvement treatments and 
by maximising the potential of the ePb shield 
technology. The paper continues with updates 
on the construction of line 5 extension and 
an introduction to the forthcoming line 6. The 
ground conditions in these three projects cover 
most of the possible excavation scenarios 
that can be encountered in sao Paulo´s 
underground. 

2 ConClusion

The experience with shield tunneling in 
sao Paulo proves that the geological and 
geotechnical settings in sao Paulo, provide 
optimal conditions to perform high production 
shield tunnels with state-of-the-art shield 
tunneling technology for the extension of its 
Metro network.

The approach followed in sao Paulo for the 
Metro construction with high tech ePb shields 
and eliminating or minimizing the execution 
of ground improvement treatments is proving 
successful.

KeYWorDs: ePb shield, settlement control, urban area.
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Caracas Line 5 maximising potential of EPB shield technology 
in extreme urban conditions

M. Comulada
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C. aguiar
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i. fernandes
Construtora Norberto Odebrecht, Brazil.

1 inTroDuCTion

in Caracas the construction of Metro line 5 
tunnels has recently been completed. The 
tunnels consist of twin tubes excavated with 
ePb shields with an excavation diameter of 
5,88 m that entirely run in dense and busy 
urban areas of the city. experience with shield 
tunnelling in Venezuela exists from line 3 and 
line 4 of Metro Caracas and also line 2 of Metro 
los Teques, the latter presently in construction 
too. The construction of line 5 represents a new 
benchmark in urban shield tunnelling in soils by 
integrating state-of-the-art tools and optimised 
methodologies to improve risk minimisation 
during construction.

The paper focuses on the approach 
for calculation, control and minimisation of 
settlements in urban area in the stretches 
excavated in sandy-silty, and in some 
stretches also gravelly, water-saturated soils. 
The approach focusses on using relatively 
simple constitutive models in combination with 
quick and flexible finite element parametric 
simulations of the shield drive, with a further 
adjustment during construction by means of 

real-time Process Controlling tools and analysis 
of the shield drive parameters.

The paper presents three case studies from 
the Metro Caracas line 5 project where the twin 
tunnels were excavated successfully with ePb 
shields with admissible settlements, just a few 
meters or even centimetres below bridge and 
building foundations and naTM cross-sections 
under construction, in all cases with very low 
cover of soft alluvium. 

The principles of observational method 
efficiently applied have allowed to successfully 
drive the ePb shields in soils with low 
overburden in urban area without the need of 
ground improvement treatments.

2 ConClusion

Caracas line 5 project sets a benchmark in 
urban shield tunneling in soils. The experience 
and approach based on maximization of 
the shield technology supported by Process 
Controlling successfully aiming to eliminate 
execution of additional ground improvement 
treatments can be used as reference for many 
of the on-going and future projects worldwide. 

KeYWorDs: ePb shield, settlement control, urban area.
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Failure of a D-shaped Tunnel
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National Institute of Technology, Silchar, Assam, India.

1 inTroDuCTion

north east part of india experiences highest 
rainfall in the world. The zone is also seismically 
very active, since earthquakes of magnitude 5 
to 6 occur frequently in this area. silchar is one 
of the most important cities in this area and is 
land-locked by mountains in all the directions 
except in western side where it is connected 
to another country, namely, bangladesh. 
excessive rainfall causes landslides along the 
hilly road and many a time the road is closed for 
several days. several measures are being tried 
to keep the road open during the rainy season. 
in one of these trials, a cut and cover tunnel 
was constructed after cutting the toe of a hill. 
The shape of the tunnel was D shaped and was 
properly proof-checked before construction. The 
construction was completed as per the approved 
design and drawing and the cover was about to 
be completed when the rain started to pour in. 
Due to excessive rain, the hill slope failed and 
slided down. The rolling debris hit the vertical 
wall of the tunnel. The thickness of the vertical 
wall was not designed for this impact load 
and as a consequence the vertical side of the 
tunnel was sheared off. Wide horizontal cracks 
were developed about 1 m above the base in 
the vertical wall on the hill side of the tunnel. 
The present paper is intended to check the 
stability of the tunnel under an impact load. a 
post calculation is carried out to obtain the load 
which has become detrimental to the tunnel. 
suitability of a horse shoe tunnel instead of D 
shaped tunnel is also checked. it is found that 
horse shoe tunnel is a better option to withstand 
the external load. 

Comparisons of stresses and strains 
developed in the D shaped tunnel and horse 

shoe tunnel were made. it is assumed that 
around 2m high debris rolled down from a height 
of 60 m and hit the vertical side of the tunnels. 
Stage 1 means first impact, stage 2 second 
impact and stage 3 third impact. it is observed 
through the analysis that the D shaped tunnel 
failed after the third impact. figure 1 shows the 
comparison. 
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figure 1. Comparison of stresses developed in D shaped 
tunnel and horse shoe tunnel

2 ConClusion

it is concluded that horse shoe tunnel is a better 
option than a D shaped tunnel. The maximum 
stress is developed in the lower portion of the D 
shaped tunnel whereas; the maximum stress is 
developed in the upper portion of a horse shoe 
tunnel.

KeYWorDs: Cut and cover tunnel, Horse shoe tunnel, landslide
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1 inTroDuCTion

Metro V.A. is the fifth extension of existing 
Prague subway line a, which will add 6.1 
km of railway tracks and 4 new stations. The 
construction started in January 2010 and the 
start of train operation was scheduled for the 
end of 2014.

The Metro V.a. extension included 4.8 km 
of twin tunnels bored by two earth Pressure 
balance Machines (ePbMs), and 1.3 km section 
including mined double track tunnel.

The Contractor Company MeTrosTaV was 
responsible for building 4.8 km of twin tunnels, 
and two underground stations. The project was 
supervised by the inZenYrinG DoPraVniCH 
sTaVeb a.s. (iDs) with geotechnical support of 
arCaDis CZ and inseT, and designed by the 
MeTroProJeKT Praha a.s.

During the ePbM excavation of the shallow 
alignment roadway instability occurred.  in 
the search for the reason of the instability, 
geotechnical and geophysical explorations were 
performed, which revealed low compaction 
of the roadway fill. The paper describes the 
exploration methods and the grouting works 
that were performed at locations identified by 
exploration.   

The paper also describes how the ePb 
support pressure was estimated, and identifies 
the sources of surface settlements induced by 
excavation.

2 ConClusions 

The ePbMs data recorded along the evropska 
street showed that in spite of the pressure 

fluctuations, the operators were capable to 
keep the face support pressures above 1.2 
bar, and the grout pressures at 3.0 bar. using 
the GCC in fig.7 it would mean that maximum 
tunnel wall deformation would be around 30 
mm, which would result in 15 mm of surface 
settlements, in diluvium sediments representing 
the worst ground conditions.  However, the 
maximum measured settlement was 40 mm, 
which indicated that there had to be significant 
settlement sources, which did not comply with 
the tunnel support pressures theory. 

The strict 10 mm settlement criterion 
imposed on the surface above the both ePbM 
tubes was locally exceeded, nevertheless, the 
increased settlements did not have any negative 
impact. 

The concept of Ground Convergence 
Curves (GCC), and the recorded ePbM data 
confirmed two significant settlement sources: 
i) unsupported tunnel walls around the shield, 
and ii) ground water table fluctuations caused 
by foam/air penetrating the ground.

The geophysical exploration along the 
evropska street detected a series of voids in 
the roadway fill. Subsequent borehole injection 
grouted the voids and stabilized the roadway 
against potential collapses. 

KeYWorDs: settlement mitigation, ePbM, geophysical exploration, settlement sources.
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1 ProJeCT oVerVieW

The u5 metro line in berlin is an existing line 
and connects the eastern part with the center 
of berlin. at the time being, the u5 ends at the 
popular alexanderplatz station. it was built in 
1930.

After the German reunification in 1989, a 
new central train station (“lehrter bahnhof”) 
in the western part of berlin as well as the 
new metro line u55 was built. The new u55 
connects the central train station with the 
new-built administrative district and at the 
end with the west end of the center of berlin, 
the brandenburger Tor station. This line was 
finished in 2005.

The idea of the considered u5 line is to 
close the gap between these two lines, u5 and 
u55, in order to directly connect the eastern 
part of berlin with central train station. The 
new u5 will begin at the existing tunnels west 
of the alexanderplatz station and will end at the 
brandenburger Tor station.

The u5 project in berlin comprises the 
construction of three new underground stations 
and one connecting twin-track tunnel to be built 
using the shield-tunneling method.

The alignment of the new tunnel system 
beneath the city will run from the new berliner 
rathaus station to be built below the spree, 
underneath the future berliner Palace and the 
spree Canal, and along unter den linden to 
brandenburger Tor station. The length will be 
approximately 2.2 km.

2 ConClusion

Closing the gap in the u5 underground line is 
a technically demanding construction project. 
The construction of the u5 underground line 
berlin-Mitte attracts a great deal of interest from 
the public. The acceptance of the construction 
project, the construction works, which will last 
several years, and the restrictions resulting 
from them will mainly depend on whether the 
parties involved in the project are able to realize 
the project within the estimated construction 
time (until 2019) and the budgeted cost 
(approx. 433 million euro).

The construction work at the stations started 
in april 2012. The TbM assembling took place in 
april 2013, TbM drive is planned from summer 
2013 onwards. up to now, construction runs 
according to schedule. Public relation measures 
help to keep a friendly atmosphere around the 
different sites.

KeYWorDs: TbM, inner city, high density suspension, underground station, metro.
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The underground section of the lrT T6 line 
will extend the public transport network towards 
the West of Paris and create new connections. 
The project consists of a 600m at-grade section 
followed by a 1500m long tunnel of 9.15m 
diameter, with two underground stations of 25m 
depth. 

Geologically the project is situated in 
a heterogeneous sedimentary sequence 
consisting of a series of marls, limestone and 
fine sand, typical for the Paris region.

This underground lrT section has been 
built in a challenging geotechnical and urban 
environment, essentially due to an urban fabric 
of high density with narrow streets and a very 
low overburden (4m) between the existing 
station foundations and the crown of the tunnel. 
in addition, in the concerned section, the 
confinement pressure at the EPBM face had to 
be reduced to avoid damage to the diaphragm 
wall of the lrT underground station in close 
vicinity. The proximity of the tunnel and the 
existing station was chosen in order to decrease 
the cost of the lrT station and ease passenger 
access. 

Ground deformations have been controlled 
successfully with a maximum of 10 mm of 
absolute settlements beneath the railway tracks, 
which remained in operation throughout the 
project. This was achieved by strict control of 
the confinement pressures at the tunnel face, as 
well as around and at the tail of the ePb shield. 
in addition, underpinning and pipe jacking of the 
railway station building contributed to minimize 
the impact of ground deformations.

According to 3D finite element modelling 
(see figure 1), the double pipe roof umbrella 
placed at the lrT station portal reduces the 
settlement calculated on the foundation up to 

37%. The umbrella brings rigidity in the plastic 
domain; the impact in the perfectly elastic 
domain cannot be identified.

 
 

figure 1. Calculation 1 - isovalues of vertical displacement

 

figure 2. real-time settlement measurements

Poor correlation between predicted ground 
deformations (3D fe model) and observed 
surface and railway track settlements are 
found (see figure 2). This may be due to the 
very complex geometrical and geotechnical 
configuration which is difficult to model correctly. 

for this reason and in this type of 
configurations, it seems advisable to create 
several 2D and 3D numerical models to comfort 
the expert’s opinion.

KeYWorDs: Paris, lrT, ePbM, low overburden, soft rock, settlement control, umbrella vault
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1 inTroDuCTion

The road tunnel Xicotepec is under construction 
since september 2011 as part of a modern 
Highway project connecting Mexico City with 
Tuxpan, in the coast of the state of Veracruz. along 
the mountain system known as sierra Madre 
oriental, very complex geological formations 
are passed across, consisting on diverse types 
of Jurassic sedimentary rocks, coexisting with 
volcanic deposits from the Holocene. While 
excavating the top heading of the left-side 
tunnel, during March and May 2012 some soft 
clayey strata appeared at the top heading as 
a contact between the bottom limestones and 
an upper body of very stiff columnar basalts. 
The tunnel was being excavated under the 
concept of the so called new austrian Tunneling 
Method (naTM); monitoring of convergence 
indicated that construction was entering a 
critical geotechnical scenario. Measures taken 
consisted on improving support and the use of 
heavy forepoling systems, including a pause at 
the working face until stabilization signals were 
observed. However, after a heavy rain period, 
the works needed to be suspended again due 
to reactivation of movements in the interior of 
the tunnel. finally the tunnel collapsed. The 
mobilized mass reached the ground surface 
causing a landslide of very big proportions.

This paper presents a complete, both 
geological and geotechnical interpretation of the 
event, supported by two and three-dimensional 
numerical analyses reproducing the failure with 
a very good degree of approximation, which 

served as the basis for the reconstruction 
designs, which will also be summarized.

figure 1. finite difference mesh.

2 ConClusion

using advanced continuum analysis techniques 
it was possible to simulate with a good degree of 
approximation the behavior of the excavations 
and the collapse occurred in the left body of 
Xicotepec tunnels. 

from the calibration of the model via back-
analyses, new excavations procedures where 
designed, which will start at the end of 2013 in 
order to complete construction. forecasts of the 
behavioral response of the site will be possible to 
verify by instrumentation and will serve to keep 
a tight control of the safety levels established by 
this investigation.

KeYWorDs: Xicotepec, ubiquitous Joint Model.
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1 inTroDuCTion

The High speed 2 (Hs2) scheme in uK is 
envisaged to include more than 62km of its 
route in tunnels. in order to address public 
concern about the impacts of tunnelling, data 
have been collected on ground movements and 
ground-borne noise and vibrations. This paper 
describes a series of case studies of ground 
movements due to underground construction 
and ground-borne noise and vibration from a 
range of underground rail projects. 

2 GrounD MoVeMenT

Data have been collected from current projects: 
Crossrail, lee Tunnel and national Grid Tunnels 
in london; together with those published 
or available from owners of other projects 
including: Jubilee line extension, Hs1 london 
Tunnels and north Downs Tunnel, Heathrow 
Tunnels and Dublin Port Tunnel. The settlement 
performance of the projects is discussed and 
compared.  

in general for tunnels comparable in size to 
those planned for Hs2, the maximum settlement 
for open face tunnelling is approximately 25mm. 
for closed face tunnelling it is approximately 
15mm. some of the incidents which have 
occurred on major projects are discussed 
and the lessons learned are drawn out.  The 
improvements made in tunnelling practice are 
described and figure 1 shows the resulting 
improving trend in settlement performance. 
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figure 1. Trends in tunnelling settlement performance

3 GrounD-borne noise anD 
VibraTion

a review of recent projects, such as the Jubilee 
line extension and Hs1 tunnels under london 
has shown that modern track forms and analysis 
methods can be used to design railways that 
can run in tunnels without noise and vibration 
affecting those people who live above them or 
disturbing other highly sensitive non-residential 
uses.

KeYWorDs: railways, settlement, noise, Vibration
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The Construction of the Vivaceta Tunnel (Santiago De Chile)

J. Kuster, r. núñez
Costanera Norte, Santiago, Chile

D. santos 
Subterra Ingeniería, Madrid, Spain.

e. Chávez, J. M. Galera, G. ibarra
Subterra Ingeniería Ltda. Santiago, Chile.

1 inTroDuCTion

CosTanera norTe has started the 
construction for MoP (Ministry of Public Works) 
of the first stage of the program called “Santiago 
Center-east” (santiago Centro-oriente), 
which aims to enhance the connectivity east-
West in santiago de Chile city. The program 
includes, among others, the “improvement of 
the connections between Costanera north and 
Central Highway”. The construction contract of 
these works was awarded to saCYr CHile, 
s.a. The most singular work is the tunnel known 
as “Vivaceta” that has a total length of 525 m, 
involving also an intermediate shaft, and the 
crossing under the Mapocho river using a cut 
and cover tunnel. The tunnel is being excavating 
in the well-known gravels and pebbles of the 
second and first deposition of the Mapocho 
River. At the South side of the river fill materials 
cover these alluvial. Variable groundwater level 
has been encountered so pore-pressure has 
been taken into account in the tunnel design. The 
construction method follows the naTM, in top 
and benching sequence, using systematically 
micropile forepoles. The Costanera portal 
presents special difficult conditions in order 
to provide enough space for a access ramp. 
For this reason the first meters of the tunnel 
were excavated with half width of the section 
in advance while afterwards this area will be 
filled and grouted for its complete excavation. 
The whole tunnel alignment has a very reduced 
overburden in an urban environment with 
several surface and subsurface structures, 

which have required a very strict control of the 
induced deformations and subsidence during 
construction. 

figure 1. Connection Costanera norte – ruta Central (Tunnel 
of Vivaceta).

2 ConClusion

at the date of writing this paper almost the 
top tunnel excavation of the Vivaceta Tunnel 
has been completed. nevertheless the 
existing difficulties, basically due to the soil 
characteristics (alluvial deposit) and to the 
extremely low overburden, the excavation has 
been successfully with any affection to the 
surface.

The construction methods using 
systematically forepoles and an elephant foot at 
the top and at the bench excavation phases has 
been proved to be useful to control the induced 
deformations caused by the tunnel excavation.

KeYWorDs: soil tunnel, urban tunnel, subsidence, shaft
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Integrated data processing and simulation platform for 
mechanized tunneling – Showcase application on the 
“Wehrhahn-Linie” project in Düsseldorf

f. Hegemann, M. Galli, s. schindler, T. barciaga, a. alsahly, K. lehner and C. Koch
Ruhr-Universität Bochum, Bochum, Germany

1 suMMarY

in mechanized tunneling a vast amount of data 
is created, processed and stored in various 
locations and formats. an integrative strategy 
supporting the processing and visualization 
of data from different sources connected with 
simulation based prognosis is increasingly 
required considering the complexity of tunneling 
processes in association with increasing quality 
standards.

in the collaborative research center 837 
“interaction modeling in mechanized tunneling” 
an integrated product model, which not only 
incorporates machine and project data, but can 
also be used for setting up simulation models 
in mechanized tunneling, is currently developed 
at ruhr-universität bochum. The presented 
product model (see figure 1) is based upon the 
building information Modeling (biM) concept, 
which uses the industry foundation Classes 
(ifC) for data exchange. it consists of four 
sub-models (ground, tunnel, machine, building 
structure) covering the main aspects of a 
tunneling project. The data resulting from the 
sub-models has to be homogenized first into 
one consistent environment prior to coupling to 
the product model.

The presentation gives an overview on the 
heterogeneity of data in mechanized tunneling 
and describes the approaches used for the 
generation of the integrated product model, 
including the various sub-models. furthermore, 
its performance is demonstrated by applying the 
product model to the “Wehrhahn-linie” subway 
project in Düsseldorf, Germany. 

2 ConClusion

The four-dimensional visualization of settlement 
data coupled with other project data simplifies 
the analysis of causal relationships within 
project data. The basis for this is a sufficient 
homogeneity of data in modeling and storage. 
The case study presented in this paper shows 
this very clearly. it could now be coupled 
in a further step with numerical simulation 
components to perform settlement calculations 
involving realistic data for a model generation.

The use of a product model can support 
project phases ranging from the initial design 
stage to the final planning stage to significantly 
increase the transparency and structure of a 
tunneling project.
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figure 1. Concept of product model.

KeYWorDs: mechanized tunneling, data handling, product model, visualization, case study
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Tunnelling on Legacy Way Project

M. ortu
Ghella Pty, Brisbane, Australia.

G. Giacomin
Ghella S.p.A., Rome, Italy.

1 inTroDuCTion

legacy Way is brisbane’s tolled 4.6km road 
tunnel that will connect the Western freeway 
at Toowong (western end) with the inner City 
bypass (iCb) at Kelvin Grove (eastern end). 
The tunnel will reduce massively the travel time 
during peak hours and decrease the traffic on 
the busy Milton road that previously picked up 
all traffic from and to the Western Freeway. 

The Transcity JV, formed by Ghella, acciona 
and local bMD, has been awarded with the au$ 
1.5 billion contract to design and build as well 
as operate and maintain the tunnel  for 10 years 
by the client brisbane City Council in october 
2010.

legacy Way Project included 2x4.250ml 
of parallel TbM Double shield driven tunnel of 
diameter f	 =12,4m: in the paper we analyze 
geology spoil transport via conveyor belt in 
Conveyor tunnel; innovative two component 
grouting on a large diameter hard rock TbM 
double shield, cross-passages, backfill, smoke 
duct; innovative system for TbM startup, 
innovative system for the TbM Disassembly.

The Geology includes the bunya Phyllite 
(a metamorphic rock), with high to very high 
strength, quartz bands and veins throughout 
(quartz content > 40%), fracture zones 
associated with valleys, random ryolithe Dykes 
of 2m thickness (high strength, blocky).

The best advance rates are shown in the 
Table 1.

Table 1. best advance rates.

m/day TbM 1 TbM 2
best day 48.00 49.70
best 30 days 841.90 858.10

TbM1 “annabell” and TbM2 “Joyce” 
production advances are shown in figure 1.

 

figure 1. TbM1 and TbM2 production advances.

2 ConClusion

innovative methodologies and industrialized 
processes helped to build the legacy Way 
tunnel in an efficient way and maintaining 
high production performance which was 
mandatory in order to keep up with the tight 
program schedule. Thanks to this important 
result, legacy Way Project has won the Major 
Tunneling Project of the Year (over $500M) 
at the international Tunneling awards held in 
london the last november.

KeYWorDs: TbM Double shield, Tunnel, rock, lining, Cross-Passages, smoke Duct.
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Maldonado Project. Construction and Performance of two 
Tunnels for Flood Control in Buenos Aires

o. a. Vardé
National Academy of Engineering, Buenos Aires, Argentina.

G. Dáscoli
Ghella S.p.A., Buenos Aires, Argentina.

r. e. Guidobono
Vardé y Asociados S.A., Buenos Aires, Argentina.

1 inTroDuCTion

The Maldonado basin has a total area of 10.000 
ha; half of which is within buenos aires city, 
whilst the other half is in buenos aires Province.

Due to the demographic growth and to the 
subsequent building constructions, the subsoil 
absorption is practically insignificant, and 
therefore the drainage system of the Maldonado 
basin has been insufficient for many decades. 
frequently, when heavy storms happen a 
south-east wind known as “sudestada” blows 
simultaneously, rising the level of the río de la 
Plata and causing the ensuing flowing from this 
river into the conduit, thus hindering the normal 
stream of the Maldonado creek.

in order to mitigate and control the urban 
floods due to intense rainstorms, the Buenos 
aires Government carried out the construction 
of two tunnels under the Maldonado creek.

The contractor was Ghella s.p.a., from 
italy. Vardé y asociados acted as geotechnical 
consultants to the Contractor and carried out the 
geotechnical investigations and installation of 
the monitoring system. a joint-venture between 
Geodata (italy) and CaDia (argentina) was 
in charge of the works inspection. General 
supervision was responsibility of the engineering 
staff of the Ministry of Public Works of the 
buenos aires City Government.

2 ConClusion

The experience acquired in the Maldonado 
Project confirms that the use of the TBM with 
ePb equipments was the best solution in this 
case, considering the geotechnical features, 
the presence of existing urban underground 
services and structures, and the environmental 
conditions.

The construction was achieved with high 
quality standards, under strict controls which 
comprised the monitoring of deformations, 
stresses and groundwater levels, with no 
impact whatsoever on the existing structures 
(most of the settlements was in the order of 2 
to 3 mm) nor on the aquifer (no change in the 
piezometric levels).

The commissioning process showed the 
excellent behavior of the project. During the 
hydraulic proof under pressure the infiltration 
rates were 1/10 of the allowable value and no 
tensile stresses were registered on the lining.

finally, the storm on april 2nd, 2013, was a 
significant event to verify the excellent hydraulic 
performance of the alleviation tunnels.

KeYWorDs: Case histories, TbM, behavior, quality control.
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Preparations for EPB TBM Tunnelling Through Challenging 
Ground Conditions

a. s. ivantchev
Thiess Pty Ltd, Sydney, Australia.
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Thiess Pty Ltd, Sydney, Australia.
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Thiess Pty Ltd, Sydney, Australia.

1 inTroDuCTion

Thiess is a top tier australian integrated 
tunnelling, construction and mining services 
provider, with more than 75 years of experience. 
Thiess’ tunnelling crew is facing a number of 
challenges, while driving the ePb TbM through 
adverse geological conditions, such as high 
permeability sandy gravels. The paper focuses 
on the different methods, devised by the project 
team in order to prepare in advance for all 
operational possibilities as well as to alleviate the 
risks associated with encountering geological 
conditions, not suited for the operation of a 
standard ePb TbM.  

The plan includes the introduction of the 
following risk Mitigation Measures (rMM), 
which can be carried out separately or in 
combination, a function of and according to the 
prevailing ground conditions:

Polymer Injections

an anionic polyacrylamide binding polymer, 
able to absorb the ground water in the soil 
very fast, has been successfully utilized on the 
project. The polymer is pumped into the mixing 
chamber through nozzles, which are screwed 
into a specially provided TbM bulkhead wall 
penetration, at pressures exceeding 200bar.

Bentonite Injections

Pumping viscous bentonite slurry or dry bentonite 
into the excavated chamber as well as into the 

screw. introduction of wet or dry bentonite to 
the excavated material is improving the soil 
grading, reducing the soil matrix permeability 
and facilitate the creation of an impermeable 
plug, required to enable the optimal ePb TbM 
operation.

Muck Pump Mode

utilizing the muck pump module, the ePb TbM is 
able to operate in a hybrid slurry mode. in muck 
pump mode, the material will be transported 
via the screw conveyor out of the excavation 
chamber into a slurry box. a stone crusher will 
be placed between the slurry box and the screw 
conveyor. The excavated medium will be mixed 
with the slurry and then pumped into the muck 
cars, using a piston muck pump. 

2 ConClusion

Thiess Tunnelling has been well prepared for 
any unexpected adverse geological conditions 
along the deepest section of the tunnel, which 
proved more suitable for a slurry / mix-shield 
TbM than for a standard ePb TbM. at the 
time of writing this article, the tunnelling team 
has been successfully traversing this section 
for more than 6 weeks, with the TbM currently 
exiting the zone and approaching the retrieval 
shaft. 

KeYWorDs: ePb TbM, adverse Geological Conditions, Muck Pump
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Los Teques Metro Line II, Venezuela – ground treatment for 
tunnel cavern in graphitic schist 
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P. lousada
Proyectos y Construcciones Geotecna CA, Caracas, Venezuela
M. Matsui 
Consorcio Linea II, Los Teques, Venezuela
M. Duarte 
Proyectos y Construcciones Geotecna CA, Caracas, Venezuela
M. r. Pieroni
Novatecna Consolidações e Construções S.A, São Paulo, Brasil 
Proyectos y Construcciones Geotecna CA, Caracas, Venezuela

1 inTroDuCTion

los Teques Metro line ii connects to Caracas 
30km away. its biggest station is independencia 
with a cavern tunnel cross-section of 290m² 
and length of 300m, half of which for the station 
tunnel and the other for a switch or passing-
loop tunnel. The tunnels were driven in opposite 
directions from a shaft excavated in the shape 
of a bottle. Ground mass consisted of altered 
graphitic schists with a stretch of fill. The station 
tunnel runs under a stream that had been 
channeled and enveloped in concrete.

The first interesting aspect of this cavern 
tunnel was the project enabling excavation 
work on the station cavern to proceed while 
ePbs were boring the tunnel section. a major 
design alteration allowed the shields to advance 
single tunnels at the same time as excavation 
started for the vault of the station cavern. 
Then, while excavating the central pilot and its 
enlargements, benching 1 and 2 started for the 
tunnels previously excavated by ePbs. 

Heterogeneous ground required a wide 
range of conditioning treatments to excavate 
the central pilot and enlargement tunnels. The 
first was the traditional forepoling with manchete 
valve injected one by one, but after the first 
umbrella it was altered due to time issues. 
instead of injection manchete valve, forepoling 
with schedule tube and two plastic hoses were 
used with a global injection through the hose. 
Also this solution was used inserting fiberglass 
rod to stabilize the excavation face at the same 
time as schedule-pipe forepoling was applied for 

the vault. Deep horizontal vacuum drains were 
used together with a typical treatment solution 
(umbrella) in each excavation and treatment 
cycle. There was karstic graphitic schist on the 
switch tunnel side. large karsts were found 
during conditioning and all were grouted. in 
some karsts water flow required precautions 
in relation to contingency materials for the drill 
face.

at the second umbrella in the station tunnel 
lining, a section of fill and a small river crossing 
over the excavation section required horizontal 
jet grouting columns. a preventer valve 
accessory was used to control water backflow 
from the drill hole and spoil when pumping 
columns. Drilling with the preventer attached 
prevented uncontrolled flow of water. In this area 
just above the water course, the enveloping was 
conditioned by horizontal jet grouting using the 
preventer valve.

2 ConClusion

The tunneling design enabled simultaneous 
excavation and ePb work while the large-scale 
treatments such as jet grouting, forepoling, 
face nailing and dewatering procedures used 
in graphitic schist as explained below meant 
the structure was executed well and safely by 
combined use of these technologies. 

KeYWorDs: independence station, los Teques Metro line ii, Treatments at graphitic schist.
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Large Tunnel Sections for Urban Railways. Special challenges 
in the design and calculation of the formworks

G. lanticina, e. bertino and l. Gazzari
CIFA S.p.A., Senago, Italy.

M. antonelli Da silva
ZOOMLION Brasil, S.Paulo, Brasil.

1 inTroDuCTion

The Guangzhou – shenzhen – Hong Kong 
express rail link (Xrl), one of the largest 
tunnelling challenges ever for Hong Kong, 
will connect Hong Kong to the border with the 
mainland China as part of a larger high-speed 
scheme that will join the cities of shenzhen and 
Guangzhou.

Particularly, the contract 824 awarded to Kier-
Kadan-ossa JV, which is constructed between 
ngau Tam Mei to Tai Kong Po through hard 
rock using drill and blast techniques, consists of 
approximately 2.6km of twin 9m diameter running 
tunnels, a 110m long 24m span crossover cavern 
and two 400m long bifurcation caverns, with a 
maximum span of 19m.

The variety of formwork systems supplied by 
Cifa s.p.a, (the italian company of Zoomlion 
Group, leader in the design and construction 
of tunnel formworks and underground lining 
solutions) consists not only of the three 12m 
long formwork for the standard truck running 
tunnels (proven self-reacting type, having no 
horizontal constrains at the base), but also 
includes the large section formworks for all the 
caverns of the contract 824.

The lining of all these caverns has been 
studied to be carried out in two different phases: 
proper vertical formworks will be primarily used 
for the pouring of the piers and, in a second 
stage, the cavern crowns will be carried out using 
special self-propelled hydraulic formworks, 
which are surely more complex both from the 
structural and the functional point of view.

Major design efforts have been focused for 
the bifurcation tunnel formworks, since they had 
also to comply with the section variations which 
are present on the track. 

figure 1. Crossover crown formwork in casting phase.

2 ConClusion

The increasing complexity of the underground 
constructions (of which the tunnel sections 
here described are an example) requires lining 
formworks even more performing and versatile 
in adapting to the new demands.

Even in this case, the tailor-made flexibility of 
the formwork for tunnel and of their design can 
be considered as its most distinctive feature. 

KeYWorDs: formwork, pier formwork, crown formwork, crossover, bifurcation.
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The Successful Use of Galvanized Rebar for Corrosion 
Protection of Concrete Reinforcement

W. M. Marques
International Zinc Association, São Paulo, Brazil.

1 inTroDuCTion

Galvanizing is one of many techniques used 
to extend the life of steel-reinforced concrete 
structures exposed to aggressive environments 
that promote reinforcement corrosion.1 it is very 
effective in combating the effects of carbonization-
induced reinforcement corrosion and increases 
resistance to chloride corrosion both by increasing 
the threshold chloride level where corrosion 
begins and also by slowing the rate

of corrosion after that threshold is exceeded. 
Galvanizing reinforcing steel has been an 
established practice for some 70-80 years in 
many countries. The last decade has seen a 
growing interest and demand for this product.

steel reinforcement can be in the form of wire, 
prestressing strand or reinforcing bar (rebar). in 
the case of rebar, the most widely used method to 
apply the zinc is by the hot-dip method. it involves 
the immersion of single or batches of cleaned 
steel bars into a bath of molten zinc at 450 °C. 
This allows a metallurgical reaction to occur 
between the steel and the zinc, and produces an 
intentionally thick coating on the steel

made up of a series of zinc-iron alloy layers, 
which grow from the steel/zinc interface with 
a layer of essentially pure zinc at the surface. 
These coatings can have a mass of up to 
about 1,100 g/m2 (~150 microns thick). The 
composition of these coatings, including the 
thickness of the zinc surface layer, can vary as 
a function of the chemistry of the steel being 
coated and the operating parameters of the 
zinc bath. The initial corrosion behavior of the 
coating when embedded in concrete is affected 
by the chemistry of the surface layer.

at tunnels there are different types 
of corrosion that affect the concrete and 
consequently the life time of its structures. The 
galvanizing is a good solution once the zinc 
remains passivated in different pH conditions 
according the figure 1

2 ConClusion

over a long period of time, hot dip galvanizing 
has proven to provide cost effective and 
reliable corrosion protection to steel in concrete 
in a variety of exposure conditions. Hot dip 
galvanizing is one of a number of corrosion 
protection measures used to improve the 
overall durability of reinforced concrete. The 
convenience of manufacture and supply of the 
product, the ease of handling, transportation 
and installation, its proven durability and the 
fact that no special design requirements are 
needed, means that hot dip galvanized steel 
has been accepted in many countries worldwide 
for a wide range of concrete construction.

KeYWorDs: Galvanized rebar, Zinc, Corrosion.
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1 inTroDuCTion

Caracas Metro line 5 consists of 7.5 km. 
twins tunnels excavated with ePb shields and 
five stations using NATM method, whereby a 
dense urban area like the Valley of Caracas 
and geological conditions of the rock mass, is 
a work of great complexity in implementation. 
Metro Caracas line 5 is embedded in a 
clump of Mesozoic age, metamorphic rocks 
consisting Caracas Group, represented by 
the las Mercedes formation, discordant with 
quaternary sediments, formed by alluvions. in 
Metro Caracas line 5 tunnels excavations, will 
be found at least two geological conditions:

•	 soils alluvial / colluvial , and
•	 schists formation las Mercedes.

This paper purpose is to present three of 
these cases and the solutions implemented in 
practice:

1) Tunnel boring Machine cross under 
Guaire river, bridge lincoln, Pulpo freeway, 
eastern freeway

2) Tunnel boring Machine cross under 
unefa building.

3) TbM cross under bello Campo station 
naTM Tunnel (VPD 24 +060 to 24 +160). 
Settled difficulties in Body VSE West Bello 
Campo station cutting heads under the tunnel 
implementing intervention was not scheduled.

2 ConClusions

1) The rock mass and adjoining structures 
geotechnical instrumentation monitoring within 

the affected area of the TbM able to gauge 
operating maintaining security shields pressures 
excavations and the integrity of the tunnels and 
buildings close to the work.

2) The geotechnical and geophysical 
explorations foundations were determining 
factors in finite element calculations to establish 
the operating pressure ranges for both shields.

3) in the case of the passage under the 
building unefa the solution adopted was 
determined to reduce time and costs generated 
by the unscheduled stop during surgery metal 
pile.
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Mutual influence of foundation elements and anchor pile design 
of a top down diaphragm wall tunnel

H. Mortier
CFE, Dordrecht, The Netherlands.
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Voorbij funderingstechnieken, Amsterdam, The Netherlands.

a.C. Vriend
Acécon, Baarn, The Netherlands.

1 inTroDuCTion

in the Delft railway Tunnel project, the 
interaction between the applied foundation 
elements played an important role. Diaphragm 
walls were installed at close proximity to existing 
piled foundations of a railway viaduct and grout 
anchor piles were realized in between prior 
installed diaphragm or sheet pile walls. 

figure 1. Comparison of original CPT with theoretical CPT’s 
after excavation and shut down dewatering

a large amount of cone penetration tests 
were performed to investigate the mutual 
influence of the installation of these foundation 
elements upon each other. The applied pile test 

methods were optimized during the execution 
process in order to eliminate the shaft bearing 
capacity of the upper cohesive layers. as rather 
slender piles were used, buckling stability was 
verified by calculation and by testing as well. 
finally, the impact of a future big variation in  the 
existing dewatering upon the bearing capacity 
of the piles will be explained.

2 ConClusion

Various tests upon grout anchor piles within 
the Delft railway tunnel project gave a better 
understanding of the behavior and performances 
of the applied anchor piles. as cohesive soil 
layers can cause a noncompliance to the creep 
criterion, it is advised to exclude the effect of this 
layer by using steel casings. buckling stability 
can seriously decrease the bearing capacity 
of the compressed anchor piles. a fairly  good 
value can be obtained by using the new Dutch 
directive Cur 236. 

apparently, the qc reduction factor for post 
CPT excavation, comprises also the measured 
qc reductions after pile installation. Measured 
qc values after pile installation don’t have to be 
cumulated with theoretically defined reduction 
factors for excavation effects. 

analogue conclusions can be made for the 
αs coefficients used for shaft bearing capacity 
of diaphragm walls and barrettes. These values 
should be increased (a value of 0,8 could be 
a conservative approach) for recalculating the 
bearing capacity of the diaphragm walls using 
nearby post installation CPT’s.

KeYWorDs: grout anchor piles, installation effects, buckling stability, diaphragm walls.
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Lessons Learned from the First NATM Tunnel in California, 
Devil’s Slide Tunnel
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1 inTroDuCTion

The Devil’s slide tunnel project is located along 
the California coast between Pacifica and 
Montara, west of the san francisco bay area 
in the usa. The region consists of steep and 
unstable geological formations and runs along 
the pacific coast. State Highway 1 hugs the 
coastline for much of the distance between the 
two towns and has a long history of closure due 
to rockslides at the Devil slide pass.  

after years of studies, it was decided to 
by-pass the Devil’s slide Pass with an inland 
two-tube tunnel, providing a safe, dependable 
connection between the two towns (see figure 
1).  The twin tubes were constructed beneath 
san Pedro Mountain using the new austrian 
Tunneling Method (naTM); each tube is 9 m 
wide x 6.8m high and 1300m long. 

2 GeoloGiCal anD enVironMenTal 
seTTinG

The tunnel is constructed in one of the most 
complex geological setting consisting of variable 
rock formations, mixed ground conditions, and 
significant groundwater in a high seismic zone 
and in very sensitive environmental conditions. 
The tunnel lies along the active san andreas 
fault with four inactive faults crossing it. 
along the tunnel alignment 10 rock masses 
are encountered of hard and soft zones with 
blocky and seamy, squeezing rock, to raveling 

ground.  in addition, due to the tunnel setting, 
provisions for aesthetics, portal configurations, 
and environmental protection were critical 
elements especially when it was discovered 
that the endangered Peregrine falcon and the 
red-legged frog were found in the project 
site. The design was developed protecting the 
environment and preserving wildlife. 
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figure 1. Devil slide Tunnel

3 ConClusion

The Devil’s slide tunnel, opened in March 
2013, set new standards for tunnel design 
and construction in California. The project was 
successful due to the collaborative effort among 
owner, contractor, designer, and the public 
throughout its development and implantation. 

KeYWorDs: rock tunnels, naTM, mixed ground, seismic, environment protection,
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Engineering Geological Observation during Construction of 
Caldecott 4th Tunnel, State Route 24, San Francisco, California
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s. Zaw
Myanmar Engineering Society, Rangoon, Burma.

1 inTroDuCTion

With a detailed interpretation of project geological 
and geotechnical data, this paper will be discussed 
such as ground class, ground behaviors, and 
groundwater and construction considerations. 
The existing bore # 1, 2 and 3 almost run parallel 
to the new 4th bore with offsetting 32m (105ft) to 
100m (328ft). (see fig.1). The horseshoe shaped 
tunnel has been completely excavated by using 
road-headers since august 2012. The excavation 
geometry is of 15m (49 ft) wide cross-section and 
1033m (3,389 ft) length. a total of seven cross 
passages run between the 3rd and the 4th bore 
(also in horseshoe shape). The tunnel provides 2 
traffic lanes with 2 x 10’ shoulders at both its north 
and south sides, and main purpose is to alleviate 
traffic congestion on SR24 connecting the cities 
of oakland and orinda in the san francisco east 
bay area. The construction of the 1st and 2nd bore 
began in 1934 and was completed in 1937. The 
3rd bore was excavated from 1961 to 1964. 

2 ConClusion 

In the presence of seepage inflow near of fault 
zones (approximately within 50m) is significantly 
lower than expected and in absence of fault 
zones higher water inflow rates than expected 
were measured in porous rock materials 
(sandstone, Conglomerate, shale). During top-
heading excavation, influence of water inflow 
in relation with fault zones has been observed 
in comparison to bore 1 - 3. The hydraulic 
conductivity was decreased in fractured rock 

masses adjacent to faults and shear zones – as 
predicted in the project geotechnical baseline 
report (similar to bore no. 3, 2 and 1) but during 
our construction work it became clear, that the 
most significant for the hydraulic conductivity 
and water inflows were rock properties and 
lithology. from the lithology standpoint, the 
second sandstone would be one of the most 
competent units found. borings recovered 
during the site investigation phase produced 
high quality rock and this is reflected in the 
design. it would appear that there is some along 
strike variability within the unit. in Page’s 1950 
article, anticipates this variability and notes that 
local igneous and sandstone dikes produce 
differing geologic conditions from one tunnel 
heading to the next. This would certainly apply to 
underground versus surface exposure, as well. 
The fundamental understanding of geological 
hazards is of paramount importance in selection 
of additional tunnel support measures.

figure 1. Caldecott improvement Project overview (aerial 
Photo Courtesy of http://caldecott-tunnel.org)

KEYWORDS: Tunnelling, Tectonic, Hydrogeology, Lithology, Fault Zones and Water Inflow
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Case study of the deterioration factors of pyroclastic rock and 
the measurement results of the time dependence deformation 
of tunnel

K. okazaki and Y. ito
Civil engineering research institute for cold region, Sapporo, Japan.

1 inTroDuCTion

rocks or rock bed which is exposed due to tunnel 
excavation can be probable rapidly deteriorated 
as the result of stress release and contact with 
air and groundwater. This deterioration causes 
various phenomena including deposition of 
ferric hydroxide and gypsum on the rock surface 
and/or in cracks, exposure of cracks, and 
fragmentation and/or pulverization of rocks. 
because rocks or rock bed may swell in the 
deterioration process, thus, long-term effects 
on the civil engineering structures need to be 
assessed and analyzed. 

in this study, causes of the deformation 
are analyzed on the basis of the results of the 
testing on the rocks which were collected from 
the tunnel ground when deformed sections of 
the tunnel were repaired on volcanic rock site in 
Hokkaido, Japan.

2 ConClusion

The results of this study are summarized as 
follows:

1) regarding the ground heaving that 
occurred after tunnel construction was analyzed 
by using both the records of tunnel work and 
the geological data. It was confirmed that the 
amount of tunnel displacement depended on 
rock types.

2) The long and short term deformation 
rates calculated from the measurements of the 
heaving were 15-21mm/year and 6-71 mm/
month.

3) The results of the mineralogical tests 
suggest that heaving and degradation of rock 
ground can be more effectively predicted 
when evaluation of the degree of degradation, 
changes in the properties of rocks and the types 
of minerals distributed is combined with the 
conventional evaluation of soil swelling.

figure 1. results of amount of upheaval at the center of the road surface.

KeYWorDs: tunnel, geological properties, time dependence deformation.
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Learned from Construction of the 62km Tunnel Emisor Oriente 
in Mexico’s Challenging and varied Ground
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1 inTroDuCTion

in the last 100 years, Mexico City has sunk 
by nearly 12m. as a result the city buildings, 
main streets, sewage systems, etc. have been 
extensively damaged. in addition, the city 
historically faces serious problems of flooding 
during the rainy season. in 2006 there was a 
high risk that major floods would occur in the city 
and suburbs, affecting a population of 4 million, 
six districts of the federal District and three 
municipalities of the State of Mexico, flooding 
an area of   217 square km. 

2 baCKGrounD

The history of Mexico City is inextricably linked 
to the issue of its geographic location.

The Metropolitan area of the Valley of Mexico 
is built on a closed basin, which originally formed 
a lake system consisting of five large lakes: 
Texcoco, Xaltocan, Zumpango, Xochimilco and 
Chalco. Tenochtitlan, the ancient capital of the 
Mexica civilization, covered an estimated 8 to 
13.5 km2 situated on the western side of the 
shallow lake Texcoco.

The construction of the City of Mexico on 
what were the lakes caused two permanent 
problems: the need for evacuation of rainwater 
to prevent flooding and sinking by the 
overexploitation of aquifers. 

Today the capacity of the drainage system 
of the metropolitan area is insufficient and has 

serious problems. Just compare the ability it 
had in 1975 with what it has now: 30% lower 
with nearly twice the population. This decrease 
is mainly due to steady sinking of the City of 
Mexico, caused by overexploitation of aquifers 
of the Mexican valley.

in order to solve the problem of the drainage 
system is necessary to build the emisor oriente 
Tunnel, 62 kilometers and seven meters in 
diameter.

3 Tunel eMisor orienTe (Teo)

Mexico City’s emisor oriente Wastewater is 
arguably one of the most challenging TbM 
tunnels in the world today. This monumental work 
of engineering will produce a complementary 
and alternative exit to emisor Central, which will 
bring down the risk of flooding in Mexico City, 
and give security to 20 million people. in the 
rainy season, it will work simultaneously with the 
current drainage and, in the dry season, it will 
make for easy maintenance. 

The ground conditions of the pipeline are 
some of the most difficult in the world.  Located 
in the Valley of Mexico, geology consists of a 
drained lake bed with clays interspersed with 
volcanic rock and boulders.  The TbMs are 
utilizing knife-edge and drag bits that can be 
changed out for 17-inch diameter disc cutters 
depending on the geology. Two-stage screw 
conveyors help to regulate varying water 
pressures of 4 to 6 bars.  

KeYWorDs: mixed ground, ePb, Mexico, emisor oriente
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1 inTroDuCTion

The application of TbMs in tunnel engineering 
has increased significantly in recent years 
because of its advantages with respect to 
conventional excavation, such as the greater 
advance speed. However, difficult ground 
conditions are often associated with a slow-down 
of TbM advance and great issues are related 
to the prediction of the machine performance 
(barla and Pelizza, 2000). in addition, most of 
the existing prediction models were developed 
for hard rock tunnel boring.

The goal of this paper is trying to correlate 
the TbM performance with the geomechanical 
properties of altered rock masses such as 
faulted and highly fractured zones. With this 
aim, the sections characterized by adverse 
ground conditions at the lötschberg base 
Tunnel (a high speed railway tunnel in the swiss 
Alps) have been identified and analysed. First, 
the relationship between the rock Mass rating 
(rMr) and the penetration rate (Pr), which 
represents the distance excavated divided 
by the operating time during a continuous 
excavation phase, i.e. without considering TbM 
delays, has been investigated (figure 1). The 
preliminary results confirm the trends reported 
in literature (e.g. sapigni et al., 2002) where 
the maximum TbM performance is reached for 
rock masses of medium quality (rMr=40÷60). 
The identification of a correlation between the 
machine utilization factor, used to compute the 
advance rate (i.e. the TbM speed computed 
by considering delays and downtimes of the 

machine), and the geological-geotechnical 
parameters seems to be the most challenging 
task, because of the countless factors involved 
(i.e. geological/geotechnical, construction and 
human-related).

figure 1. Correlation between the Pr and the rMr. 

2 ConClusion

The large scattering of the results highlights 
the limits of rMr in describing the altered and 
degraded rock masses for TbM performance 
prediction purposes, even though it takes into 
consideration parameters such as the fracturing 
degree and the water inflows, relevant to the 
TbM advance. some factors, e.g. the rock 
strength, which are used for rMr computation, 
are more significant for better rock mass quality, 
and play a marginal role in the characterization 
of faulted and fractured zones. in these 
conditions it is necessary to identify parameters 
characterizing both a rock and soil-like material, 
focusing on the interaction between the TbM 
operations and the rock mass.

KeYWorDs: TbM tunnelling; TbM performance prediction; highly fractured rocks; fault zones.
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1 inTroDuCTion

The design delivery for the sprayed concrete 
linings (sCl) for Crossrail contract C300/C410 
Western running Tunnels and station Caverns 
has involved a unique set of circumstances.

The sCl primary lining was designed to 
withstand the various temporary conditions and 
also formed part of the composite permanent 
works design. retaining design responsibility for 
the composite sCl primary and secondary lining 
design with one party (Mott MacDonald (MM)), 
whilst ensuring that the Contractor retained 
responsibility for excavation and temporary 
support presented both benefits and challenges. 
These are discussed within the contractual 
framework between the employer’s sCl 
designer (MM), the Contractor (baM ferrovial 
Kier Joint Venture) and the Contractor’s sCl 
designer (Donaldson associates).

The paper investigates how an integrated 
and collaborative approach drove efficiencies 
in the design through all stages of design 
development. This commenced with the 
“optimised Contractor involvement” (oCi) 
process through to a series of workshops to 
ensure that buildability, sequencing and the 
Contractor’s preferred methods of working 
were embodied within the final SCL design. 
as the project has evolved, the team has 
provided innovative solutions to meet the 
changing construction programme and interface 
constraints, in particular the aP3a Wraparound 

at bond street providing early access for the 
platform tunnel construction.

The process for delivering a safe, consistent 
and integrated sCl design for both temporary 
and permanent works is described in detail. 
This encompassed a “Due Diligence” exercise, 
the design of a set of Contractor’s “Temporary 
Measures” compatible with the primary lining 
design, and culminated with the issue of a 
comprehensive and assured sCl design “for 
construction”.

2 ConClusion

The paper concludes that, whilst not necessarily 
suitable for all projects, the C300/C410 project 
team overcame the challenges and successfully 
delivered an assured, efficient and integrated 
sCl design. This has relied upon a clear 
division of responsibilities and considerable co-
operation and collaboration between all parties.
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1 inTroDuCTion

results of numerical modelling of geotechnical 
problems are very sensitive to input parameters 
(in the content of the probabilistic analysis we 
can speak about random variables). from 
the practical point of view, it is good takes 
into consideration only continuous random 
quantities, which can assume all values from 
particular interval. And so we must first select 
a statistical distribution of the input parameters. 
Many authors have shown that the rock mass 
parameters can be well represented by a 
normal distribution, on the other hand we know 
from practice that this is not general rule. if a 
data from laboratory or in-situ tests are known 
we can easily find the best fitting distribution 
e.g. by application of Mle method (Maximum 
likelihood estimate). 

in the Czech republic the engineers prioritize 
uncertainty modelling based on lHs – Median 
method type (the mid-point of an interval within 
the domain of the distribution functions). The 
majority of works was focused on the transport 
tunnels – e.g. in Prague the Špejchar – Pelc-
Tyrolka tunnel (tunnelled section being 3.438 
m) and metro line a extension (6134 m long) 
with four stations (both constructions will go 
into service in 2014). in the Prague metro line 
a extension were the geotechnical parameters 
and other properties of discontinuity surfaces 
assumed for different probability distribution 
forms with the data correlations in various feM 
softwares – the results of the 3D model of the 
Petřiny station in Midas - GTS see Table 1. 

Table 1. Results for Petřiny station - settlement in mm.

Calculation
final 

surface
final 

station
left side-

wall  tunnel
left side-

wall  tunnel

1 6,5 10,2 2,2 4,1

2 4,9 11,1 2,5 4,7

3 5,9 13 3,4 6,2

4 6,9 13 1,68 3,4

5 6,6 13,8 2,4 6,6

6 6,2 12,2 2,4 5,0

X
(average)

6,5 10,2 2,2 4,1

2 ConClusion

The latin Hypercube sampling method is a 
procedure with advantages for the qualified 
statistical evaluation of fe calculation. These 
methods make significant time saving possible 
in common statistical methods (e.g. Monte Carlo 
method). 

The results of analyses show large effect 
of the variation of input parameters describing 
rock mass behaviour on the results of feM. but 
in the engineering practice normal probability 
distribution of variables and linearly independent 
input geotechnics parameters are usually 
assumed without the data correlations). 

However, the importance of the stochastic 
estimation of the rock mass parameters for 
determination of the final structure behaviour at 
least in an simplified way can be clearly seen. 

KeYWorDs: latin Hypercube sampling, stochastic estimation, tunnels design.
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Chamartín stations in Madrid (Spain): Design of ground 
treatments to mitigate subsidence´s effects and their 
implementation during construction
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1 inTroDuCTion

During the design phase for the new tunnel 
of high speed railway connecting stations 
of atocha and Chamartín in Madrid (spain), 
several ground treatments to mitigate potential 
induced subsidence on the nearby structures 
were established. During the construction some 
modifications were carried out on the path and 
found the good behavior of excavation and the 
response of the ground. in table 1, the tunnel 
sections length of where some ground treatment 
has been considered are shown.

This paper deals with the more significant 
considerations about the approach between the 
project phase and the performances that were 
finally were made during the construction phase.

Table 1. length of tunnel sections where some ground 
treatment has been considered 

Type of ground treatment 
or protective measure 

length of sections where any 
ground treatment has been 
considered

Design 
stage
[m]

Construction 
phase
[m]

Compensation grouting 415 325
lateral Micropile barrier 510 295
Permeation grouting 475 110
Jet-Grouting barrier 120 -
Mortar piles - 20
Total length with treatment 1520 750

Percentage of the total 
tunnel length [%]

21,7 10,7

2 ConClusion

from the case history that this experience 
represents, some lessons related to urban 
tunneling can be inferred.

•	 The need for accurate ground data and the 
constraints that the existing elements sur-
rounding the project suppose, are key for the 
design stage. in addition the evolution of this 
knowledge and conditions that may arise 
through the construction stage introduces 
changes in the project and conditions for the 
potential optimization of the tunnel.

•	  The crucial importance of the selection of 
the most appropriate tunnel excavation and 
support method, considering all the factors 
involved in their selection.

•	 The essential requirement of keeping the 
induced movements within the admissible 
limits, assuring the anticipated displacement 
is not exceeded, developing settlement pre-
diction analyses and applying protective 
measures, all from a prudent preliminary ap-
proach during the design stage. 

•	 The relevance of the monitoring and control 
systems in order to check, adjust and fit, 
the design estimations to the project reality,  
through a continuous feed-back process.
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J. J. Carroll
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1 inTroDuCTion

High speed 2 (Hs2) is currently the largest 
planned infrastructure project in europe. Hs2 
is currently being developed in two phases.  
Phase 1 includes 6 twin bore tunnels, 1 single 
bore tunnel, 6 cut-and-cover tunnels and 2 box 
structures.  Phase 2 includes 7 twin bore tunnels 
and 3 cut-and-cover tunnels.   

2 GeoloGY, ToPoGraPHY, GrounD & 
GrounDWaTer ConDiTions

The geology and topography along the route 
varies since the solid geology passes through 
a variety of over-consolidated stiff clays, chalk 
and other limestones, sandstones, non-durable 
mudstones and soft rocks. The structural 
geology is generally simple, with broad basin 
structures, shallow synclines/anticlines and 
few major faults. Particular geohazards include 
existing quasi-stable slopes, compressible 
deposits, groundwater, soluble deposits, landfill 
and contaminated land & groundwater (near 
surface), abandoned mine workings, backfilled 
opencast mines and salt caverns.  

3 HiGH sPeeD reQuireMenTs/ Tunnel 
DesiGn & siZinG

The interoperability Directive (2008/57/
eC) (high speed trains) sets out a number 
of essential requirements to be met for 
interoperability which include: safety, reliability 
and availability, health, environmental protection 

and technical compatibility that must be met by 
all high speed lines and their connections to 
the classic rail network.  for high speed trains 
tunnel aerodynamic effects (transient pressure 
and train-induced micro-pressure waves) on 
the structure design and vehicles become 
more important and determine final tunnel 
dimensions to ensure Medical Health and aural 
Comfort criteria are met as well as operational 
and environmental requirements (sonic boom).  
The fire  strategy/safety aspects determine 
the requirement for the use of twin/multi-bore 
tunnels, cross passage spacing and the location 
of intervention shafts as well as other fire safety 
provisions in the underground structures. 

4 ConClusions

in the design of high speed rail underground 
structures fire strategy/safety and aerodynamic 
factors (where current guidelines are being 
formulated) need to be considered to ensure 
safety, operational and environmental 
requirements are met.  in addition, for such 
a large project as Hs2 robust organisational 
methods and management procedures are 
required to control schedule, cost and quality 
goals.

KEYWORDS: tunnels, design, high speed railways, aerodynamics, fire safety/strategy.
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1 inTroDuCTion

When a tunnel is excavated, the ground 
above the tunnel crown can be loosened and 
ground arching can be developed. and their 
size and shape would be dependent on the 
ground deformation characteristics and the 
distribution shape of local ground deformations. 
Terzaghi showed that the ground arching 
would be developed due to the uniform ground 
deformations in the trap door tests. but the 
ground arching, which would be developed 
due to the non-uniform ground deformation, is 
not studied yet. in this study, the development 
of the loosened ground zone and the ground 
arching depending on the distribution shape of 
local ground deformations were experimentally 
studied. for this purpose, model tests were 
performed, in the three types of ground 
deformations and their results were compared 
to the result of Terzaghi’s trap door tests, 
which were performed for the uniform local 
ground deformations. as a result, it was found 
that the loosened ground zone and the ground 
arching were developed in different shapes 
depending on the distribution type of local 
ground deformations. Tests were conducted in 
three types of deformation for four conditions of 
overburden. Three types of deformation were 
one uniform deformation (DT-l) and two variable 
deformations. Two variable deformations were 
a concave deformation (DT-C) and a convex 
deformation (DT-e). Depth of overburden was 
varied in four cases, which were 0.5D, 1.0D, 
1.5D and 2.0D, where D was the width of trap 

door (D=300mm). The trend of load transfer and 
the deformed shapes of trap door depending 
on the overburden were represented by the 
rate of load on vertical axis (fig 1). loads were 
transferred to the surrounding ground outside 
the trap door. Table 1 represents the zone 
where load is transferred.

figure 1. load transfer.

Table 1. loosened ground zone

0.5D 1.0D 1.5D 2.0D
DT-l 0.60D 0.80D 1.20D 2.07D
DT-C 0.80D 1.20D 1.60D 2.33D
DT-e 0.47D 0.87D 1.07D 1.80D

2 ConClusion

in the trap door test, load transfer occurred in a 
wider range around the trap door in DT-C than in 
DT-n and DT-e. it seemed that the collapse at 
a tunnel crown would be less disadvantageous 
for tunnel stability than the collapse at a tunnel 
shoulder. it would be disadvantageous if core 
would be excavated before side-drift.

KeYWorDs: Trap door test, ground arching, loosened ground zone, non-uniform ground 
deformation
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KeYWorDs: Hard rock single shield TbM, Highly deformable schistous rock mass, Construction 
follow up & Design.

The 13km-long safety tunnel of the existing 
frejus Highway Tunnel at the french-italian 
border, in the Western alps, is currently under 
construction. The first 6.5-km lot is successfully 
excavated. The tunnel is being excavated by a 
9.4m-diameter, single shield TbM and is lined 
with 0.4m-thick precast concrete rings.

The tunnel is excavated through anisotropic 
schistose formation, under high cover (1800 
m locally). The schistosity is almost parallel 
to the tunnel axis, forming a 45° angle with 
the horizon. The rock mass characterization 
and identification of risks was made based on 
specific investigations and on the construction 
experience of the adjacent highway tunnel 
excavated in the 70’s by conventional tunnelling 
methods. relatively high convergence and 
potential buckling of the schistosity planes due 
to deconfinement were identified.

using the feedback from the construction 
of the parallel highway tunnel, this project was 
developed on a reliable geological model. The 
well-known geological context, together with 
the possibilities offered by the mechanised 
tunnelling method allowed choosing to excavate 
the safety tunnel with a hard rock, single 
shield TbM, and this in spite of the predicted 
challenging environment.

Key contributions to the success of this 
project are: (i) the choice of the appropriate 
excavation method, (ii) the design of the TbM 
itself (iii) a detailed approach where design 
prediction are updated during construction 
based on back-analysis, and used into the 

jobsite procedures and decision-making 
process. This has allowed anticipating problems 
and more informed decision making.

figure 1. buckling phenomenon & localization of cracks on 
even rings

a team of engineers in strict coordination 
with the construction team was dedicated 
to the technical follow-up of the excavation 
parameters and to the calibration of predefined 
threshold values. This guaranteed a continuous 
link between the design predictions and works 
performance and allowed anticipating problems 
and identifying solutions.

The industrial process of the TbM 
advancement was not affected by the setting of 
these adaptations.

A final, comprehensive back-analysis of the 
ground behaviour vs. the TbM parameters was 
then performed (see Vinnac et al., 2014), with 
the aim to improve the predicting capacities in 
view of the excavation of lot 2.
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Performance Monitoring for Back-analysis of Hard Rock TBM 
tunnelling: the case of the Frejus safety tunnel

a. Vinnac; e. Marcucci; M. schivre; M. semeraro; e. Chiriotti
Systra S.A., Paris, France.

P. ramond
Razel Bec, Orsay, France.

s. fuoco
SWS, Mattarello-Trento, Italy

Phenomena such as convergence and 
anisotropic behaviour can be expected when 
tunnelling through schistose rocks under high 
overburden in the alps. The 13km-long safety 
gallery of the existing frejus Highway tunnel, 
at the french-italian border, is currently under 
construction and the 6.5km-long french lot was 
successfully completed with a hard rock 9.4 Ø 
single-shield TbM, driven through such rocks.

Data of the existing tunnel excavated 
with conventional methods provided allowed 
to understand the rock mass behaviour and 
to anticipate the potential location of high 
convergences. The TbM and its lining were also 
designed to cope with the anticipated conditions.

During construction an almost systematic 
phenomenon of schistosity buckling caused 
asymmetric convergence and load on the 
lining with consequent cracks. several 
countermeasures were taken to control and 
reduce the problem.

The back analysis has allowed first of all 
determining the key TbM parameters which 
are relevant to characterize and anticipate the 

rock mass behavior and its quality. from this 
first analysis, 3 main zones with different ground 
behaviors have been differentiated.

The back-analysis has secondly enabled 
to take a global overview on the excavation of 
the lot 1 and also in a view of improving the 
construction performances for the lot 2, the 
establishment of 2 making-decision tools.

The efficiency of several countermeasures 
(represented on the following figure) have 
been validated and allowed establishing a first 
decision-making tool to adapt the excavation 
methods according to the context of the 
encountered rock mass.

The calibration of new threshold values 
constitutes another improvement also a second 
making-decision tool characterising risky zones.

This analysis allows bringing back-analysis 
results out for the continuation of the excavation 
driving. Thanks to these two making-decision 
tools, we are able to timely and efficiently realise 
analysis of the parameters and also follow in 
real time the TbM advancement.
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figure 1. localization of the different countermeasures combinations implemented on the lot

KeYWorDs: back analysis hard rock TbM parameters, Countermeasure toolbox.
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Empirical and Statistical Models for Predicting Blast Induced 
Ground Vibration due to Tunnel Construction

M. sepehrmanesh and V. nasri
AECOM, New York, USA

1 inTroDuCTion

one of the major environmental impacts related 
to blasting operation in tunnel construction is 
ground vibration. Ground vibration is a matter 
of great concern as it may cause damage to the 
existing adjacent structures depending upon the 
intensity and duration of vibration. The present 
study reviews the empirical and statistical 
vibration prediction models to calculate the 
parameters responsible for prediction of blast 
vibration in tunnel construction. an attempt has 
been made to propose a new blast vibration 
predictor to calculate the safe charge per delay 
more precisely. linear regression Model as 
well as Multi-Variable regression analysis has 
been developed to predict the Peak Particle 
Velocity (PPV) of the blast. 

blast data were collected and compiled 
from blasting of two second avenue subway 
station caverns in new York City, to evaluate 
the precision and applicability of the existing and 
proposed predictor equations. Table 1 shows 
the calculated site constants for each predictor 
at these station caverns. figure 1 shows the 
precision of the most commonly predictor 
(usbM) in the industry. The predictor is more 
precise when the calculated slope is close to 1.0.

2  ConClusion

empirical and statistical methods used to 
calculate the site constants for existing 
predictors. Multi-variable regression analysis is 
performed to predict peak particle velocity based 
on number of the blast holes, depth of the blast 
holes, blast hole spacing, maximum charge per 
delay, and the distance from the blast center. 
These calculated site constants can be used 
in predicting the blast induced ground vibration 

and in defining different parameters of controlled 
blasting techniques.

Table 1. estimation of predictor’s site constants and their 
corresponding goodness-of-fit for Second Avenue subway 
station caverns.

Predictor K β α n r2 Mse
usbM 5.48 1.34 - - 68% 0.051
langefors-
Kihlstrom

0.373 1.63 - - 22% 0.110

General 
Predictor

81.3 1.39 0.548 - 68% 0.050

ambraseys-
Hendron

102.3 1.40 - - 68% 0.049

indian 
standard

1.48 0.999 - - 42% 0.084

Ghosh-
Daemen 1

27.94 1.04 0.0048 - 69% 0.048

Ghosh-
Daemen 2

97.51 1.38 0.0023 - 68% 0.049

CMri 22.6 - - -0.16 62% 0.049
MVr-w/o 
constant

- - - - 62% 0.053

MVr-w 
constant

- - - - 60% 0.058

figure 1. Precision of usbM predictor

KeYWorDs: blast induced Vibration, Peak Particle Velocity, Damage Criteria, Drill and blast
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Key Aspects of Tunneling in Tropical Residual Soil

i. f. Teixeira
Consórcio Andrade Gutierrez – Camargo Corrêa Linha 5 - SP, São Paulo, Brasil.

M. a. a. P. silva, G. aguiar, Di bruno f.
Consórcio Andrade Gutierrez – Camargo Corrêa Linha 5 - SP, São Paulo, Brasil.

H. C. rocha, D. soares Junior
Companhia do Metropolitano de São Paulo, São Paulo, Brasil.

1 inTroDuCTion

Tunnel design requires a proper estimation of 
both soil characteristics and induced tensions. 
additionally the method of excavation and 
support shapes the surface settlements and 
stress levels on the lining. 

nowadays computational methods are 
omnipresent in almost every tunneling design. 
These methods are often based on basic 
principles such as isotropic and homogenous 
ground, and a linear failure mechanism such as 
Mohr-Coulumb. also all the soil characteristics 
are estimated in a basis of limited set number of 
in-situ and laboratory tests.

nevertheless computation methods often 
found significant limitations in the behavior 
estimation of tunneling in Tropical residual 
soil. These soils usually are completely 
heterogeneous, with ever-changing face 
conditions, non horizontal stratification and a 
high sensibility to water content and transient 
conditions. 

The in-situ and laboratory tests are still not 
found to be very accurate in describing the real 
behavior of this type of soils.

This paper presents the practical key aspects 
found in an excavation of a large urban tunnel in 
Tropical residual soil in são Paulo, brasil. 

2 Tunnel analYsis - CHallenGes

a analysis of the tunnel excavation were made 
regarding the main practical issues such as 
ground treatment techniques, groundwater 
control and settlement behavior.

The main challenges found during the tunnel 
excavation were:

•	 ever-changing excavation face;
•	 orientation of the “joints”; 
•	 non nucleus formation;
•	 non formation of Jet Grouting columns;
•	 Geometry of the tunnel;
•	 settlements magnitude;

as such there was the need to quickly adapt 
the tunnel excavation to the face variations 
aspects maintaining the safety conditions  

3 KeY asPeCTs 

During tunnel excavation it was very clearly that 
the ground behavior was conditioned by the 
geological structures and not to the geotechnical 
parameters originally foreseen in the design.

 although the geotechnical parameters 
seemed to be adequate to evaluate the tunnel 
global behavior, it seems that they are not 
adequate do evaluate neither global, either local 
stability.

Briefly, ground behavior showed up as a 
rigid body, with small internal convergence. 
nevertheless, some local instability occurred 
without any kind of warning, reinforcing the 
hypothesis of the influence of the geological 
structures in the stability of excavations.

in terms of settlements, it seems that 
other parameters than those considered in the 
numerical model might have influence on the 
observed settlements. 

although the foreseen “e” modulus seems 
to be low regarding the experience observed 
in sedimentary soils, it couldn’t represent the 
high settlement registered. Probably, the void 
ratio “e”, especially those for the residual soils, 
should be considered in the analysis.

KeYWorDs: Tunneling, residual soils, Dewatering, observational method.
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Logistics of Limited Space Urban Tunnelling at Singapore’s 
Mega Metro

s. smading
The Robbins Company, Singapore

1 inTroDuCTion

Today’s mega metro projects are using multiple 
TBMs in difficult ground, short tunnels, and 
in urban settings: factors that create unique 
challenges. at singapore’s metro construction, 
21 km of tunnel for the Downtown line 3 are 
underway using 29 TbMs boring between 16 
station sites in short bores often less than 1.5 
km each. by 2017, 39 km of new construction 
will cut commute times in half in one of the 
world’s most densely populated locales.  

This paper will detail six earth pressure 
balance machines on the project, analyzing 
the challenges of boring in a highly urban 
setting through rock and soft ground under 
water pressure.  Machine performance at the 
singapore Downtown line will be analyzed with 
a discussion of the challenges involved.  

2 launCH & asseMblY in liMiTeD 
sPaCe

as one of the world’s smallest nations, singapore 
is necessarily densely populated, and all of the 
jobsites are located in close proximity to building 
foundations and urban structures.  interestingly, 
all of the jobsites are contained within station 
sites, and as stations, the sites tend to be quite 
long. but they are squeezed between existing 
infrastructure so they end up being very narrow. 
as it happens, virtually none of the surface area 
at the jobsite ends up being available for TbM 

delivery, assembly, and launching. When the 
TbMs are being delivered and lowered down the 
shaft, station and other construction activities 
are occurring simultaneously and consuming 
nearly all the available area. because there is 
no room for the backup gantries at the bottom 
of the shaft, they are temporarily arranged on 
the surface in a side by side fashion. even this 
small 10m x 40m area is coveted and quickly 
occupied as soon as the tunnel has advanced 
far enough for the gantries to be lowered.

at one jobsite in particular, an entire section 
of the singapore river had to be moved so that 
a station site and tunnel could be built directly 
under it. 

each of the six ePb TbMs was assembled 
in Pudong, China, and then shipped by sea to 
the port in singapore. once in singapore, all of 
the machines were assembled and launched 
from the bottom of shafts (see figure 1).

 

Figure 1. The first of six EPBs assembled in Pudong, China.

KeYWorDs: Mixed ground, urban Tunneling, earth Pressure balance, TbM, singapore
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Assessment of Tunnel Stability with Geotechnical Monitoring

G. Güngör, A. Şirin, S. Kiziroglu, H.D. Altuntas, A. Durukan
General Directorate of Turkish Highways, Ankara, Turkey 

T. solak
Temelsu International Engineering Services Inc., Ankara,Turkey

1 inTroDuCTion

Konak tunnel, designed as twin tube road 
tunnel with a lateral distance of 1 tunnel width, 
was excavated through heterogeneous weak 
rock conditions. Geotechnical monitoring 
involving   displacement measurement in tunnel 
section and settlement measurement at the 
surface enabled to control tunnel stability and 
directed time and type of additional measures. 
Tunnel section at the contact of sedimentary 
and volcanic units showed acceleration of  
displacements with the approach of the other 
tube to the concerned tunnel section. signs of 
excessive loading on rock bolts were observed 
at lower part of tunnel wall in addition to cracks 
at shotcrete and heaving at the bottom was 
observed. 

The factors causing the observed deformation 
behavior are evaluated as low strength of 
surrounding media, fault zone, inadequacy of 
applied support to form a support arch around 
tunnel section especially at the lower part of 
wall and invert. increase in secondary stresses 
due to the other tube advance was also a 
primary factor bringing the high magnitude and 
acceleration of displacement. 

surface settlement-time graphs followed 
a similar trend with tunnel displacement data. 
acceleration in the settlements was observed 
parallel to the destabilization in tunnel section. 
settlement value at the point coinciding the 
tunnel axis reached to the value measured in 
the tunnel, although surface settlement was 
estimated as 40 % of crown settlement based 

on basic equations. The factors contributing 
high surface settlement and ground loss were 
evaluated as destabilization in the tunnel and 
consolidation of surrounding ground due to the 
change in the groundwater level with tunnel 
excavation. 

Considering the development of 
displacements in the tunnel and defects in 
supports, one of the causes for the destabilization 
was evaluated as the inadequacy of tunnel 
support at the bottom of tunnel wall and invert. 
To stabilize the tunnel section several measures 
were determined; i) strengthening the invert 
with steel beam and additional shotcrete layer, 
ii)additonal excavation to apply an invert with 
steel beam and shotcrete to obtain a round and 
deep invert, iii)repair and strengthening invert-
wall connection with steel mesh-steel bars and 
additional bolting at invert and bottom of tunnel 
wall.

2 ConClusion

Continuous monitoring of deformation with 
advance data provide information about the 
failure mechanism and related factors. in 
Konak Tunnel close distance between the 
tubes due to highway alignment constraints 
and groundwater lowering were evaluated as 
primary factors bringing displacements in and 
above tunnel, which were higher than design 
values. Measures to strengthen support at the 
invert with additional bolting were effective to 
achieve stability

KeYWorDs: geotechnical monitoring, weak rock, tunnel stability .
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1 inTroDuCTion

The Higienópolis station of the sao Paulo line 
4 subway, has two accesses: Mackenzie and 
ouro Preto. The Mackenzie access is formed 
by two siccative shafts, with a diameter of 20 m 
each one; one of them was constructed several 
years ago but the construction of the second 
one began in 2012.

When 31m of the 32m depth that should 
have the second shaft were excavated, a soil 
piping phenomenon occurred in the bottom of 
the shaft which was controlled by stacking lands 
in to order to balance the water pressure.

To find the solution to complete the 
construction of Mackenzie shaft monitoring 
data were analyzed and, with them, a 3D 
geomechanical model was adjusted.

With this model the situation before the soil 
piping was analyzed and the effect of a wall of 
jet-grouting piles, executed from inside of the 
shaft to complete the construction of the shaft, 
was checked.

The calculations performed showed that, 
with the proposed solution, the grounds at the 
bottom of the shaft had a safety factor of 1.4, 
so it was agreed to implement this solution, as 
show in figure 1.

The construction of jet-grouting piles was 
carried out without problems and in late June 
2013 it was proceeded to withdraw the ground 
stacked at the bottom of the shaft, activity prior 
to complete the excavation, which was planned 
in seven sectors.

 

figure 1. Deformation of the jet-grouting piles and grounds 
with sf = 1.4.

During the excavation of sectors 2, 5 and 7 
some problems appeared, due to water inflows; 
these problems were controlled with a punctual 
drainage system, as show in Picture 1. 

 

Picture 1. shotcrete projected in sector 5.

finally the excavation was completed on 
June 24th, 2013 checking the full effectiveness 
of the proposed solution. Picture 2.

 

Picture 2. Waterproofing Mackenzie shaft, after finishing the 
primary lining.
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Inspection and rehabilitation of “Cerro Azul” Tunnel (Ecuador)
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1 inTroDuCTion

Cerro azul Tunnel is part of Daule-Peripa 
transfer, which supplies water to the peninsula 
of stª elena, where Guayaquil is located, which 
is the second largest city in ecuador. Cerro 
azul Tunnel has a length of 6,450 m, with a 
cross section of 22.5 m2, and was designed to 
transport a flow of 44 m3/s. 

The construction of this tunnel ended in 1996 
and in 40% of its length no lining was placed. The 
support in the area without lining, consisted of 
rock-bolts, which have been affected by corrosion 
due to water being transported through the tunnel. 
in 2007 the tunnel collapsed in its central part, 
which, due to the drag of water that flowed through 
the tunnel, involved the creation of a cavern with 
a cross section 8 times greater than the initial 
section of the tunnel as is shown Picture 1.

 

Picture 1. Cavern formed in 2007.

an emergency repair of the cavern was 
performed, reinforcing it with rock bolts and 
shotcrete, which allowed to keep in service the 
tunnel carrying a maximum of 20m3 of water per 
second.

in 2012 the Water secretariat of ecuador 
(senaGua) decided to undertake the 
permanent repair of Cerro azul Tunnel, so that 
it could transport water flow near 44 m3/s.

To achieve this, a detailed inspection of the 
tunnel was carried out and eight different types 
of damages were seen; the most common of 
them were the damages to the support elements 
(rock bolts+shotcrete), followed by the corrosion 
of rock bolts.

The cavern formed in 2007 was the aim of a 
very detailed inspection, including performance 
of boreholes, which led to the conclusion that the 
tunnel was subjected to a squeezing process, 
since its construction in 1996.

To define the process of rehabilitation of the 
cavern a back-analysis was carried out by a 3D 
geomechnic model, which allowed to reproduce 
the phenomenon of creep and correct support 
dimensioning to place.

The tunnel repair began in october 2012 
and ended in november 2013, with three 
interruptions, which accounted for a cumulative 
period of five months, ie 41%, rehabilitation 
time. Picture 2.

 
Picture 2. shotcreting in Cerro azul Tunnel.

KeYWorDs: squeezing, back-analysis, tunnel refurbishing, tunnel inspection.
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TBM Performance Prediction in Rock-Soil Interface Mixed 
Ground

Á. Tóth
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1 inTroDuCTion

This paper introduces a performance prediction 
method for mechanized excavation in mixed 
ground. The model was developed based on 
data collected during the excavation of the Deep 
Tunnel Sewerage System (DTSS). Significant 
section of the 12.6 km long, 3.6 m inner diameter 
tunnels of the T05 lot were constructed in a 
rock-soil interface (rsi) mixed ground. The 
tunnels were excavated by two 4.88 m diameter 
Herrenknecht ePb TbMs equipped with a mixed 
face cutterhead.

The northbound machine experienced 
extreme low performance, therefore during the 
excavation, the TBM was modified to overcome 
the difficulties.

The geology of the area is composed of 
fresh and weathered granite and its residuals. in 
the tunnel axis all the weathering grades were 
encountered. 55% of the tunnels were excavated 
in soft ground, 22% in full face hard material. 
The rest of te tunnels were constructed in mixed 
ground with different face compositions.

The geological profile of the project and 
the recorded TbM performance parameters 
were compiled in a linked database, and in was 
analyzed statistically. The investigation resulted 
in a penetration rate and advance rate prediction 
model (eqs. 1 – 4).

 (1)

 
(2)

avg ,soil avg ,rockp p p∆ = −

avg ,soil
avg ,mix

avg ,soil

Fc 0 p
p

Fc 0 p 0.5 * p* log(Fc )

= →=  ≠ → − ∆

 
(3)

 
(4)

 

figure 1. Measured and calculated advance rates

2 ConClusion

The input parameters of the model can be 
obtained in all the project phases either using 
existing models based on rock mechanical and 
TbM parameters or using statistical methods on 
excavation databases.

This simple but robust model can help the 
tunnelling industry in the prediction of TbM 
performance in rock-soil interface mixed 
ground and in the back-analysis of finished 
projects.

mix soilrpm rpm rpm * Fc= + ∆

mix mix mixadv p * rpm=

KeYWorDs: mechanized tunnelling, performance prediction, mixed ground
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1 inTroDuCTion

The saúde tunnel is part of the binária Way, 
one of the new roads under construction as part 
of the Porto Maravilha project, being carried out 
in the port area of rio de Janeiro.

it was excavated above surrounding ground 
surface level under the saúde hill, comprising 
both three-lane carriageways of the binária way, 
in addition to a lrV track to be implemented in 
the region.

With an excavation section of almost 300m² 
and less than 100m length, it goes through a 
mixed rock/saprolite section (see figure 2), under 
a residential condominium on top of the hill.

The hill is highly asymmetrical, with an 
almost-triangular plan format, so that the tunnel 
has very skew portals, up to 45º (see figure 1) 
and a very asymmetrical loading. also, on the 
ocean side, the lateral confinement is very low.

These characteristics conditioned the 
adopted structural and construction method. The 
tunnel lining consists on a reinforced concrete 
structure that stands for applied loads subjected 
to major internal forces.  There is practically 
no arching of vertical loads, since there’s an 
approximately half diameter overburden.

This paper presents the main Project 
aspects, such as construction process, ground 
treatment, lining design and monitoring results.

 

figure 1. Tunnel plan.

 

figure 2. Geological section

2 ConClusion

Some difficulties involved in the construction of 
an urban tunnel are discussed in this paper. 

an adequate construction sequence, applied 
treatment and a structural concrete lining 
contributed to the success of the construction, 
with little influence on the surrounding area. 
some results are presented herein.
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1 inTroDuCTion

singapore is employing more than 29 earth 
pressure balance machines (ePbMs) to 
excavate a single metro line, Downtown line 3. 
Moscow is adding 50 km of new metro line by 
2016, 150 km by 2020. China will expand their 
metro lines tenfold by 2050 to more than 11,700 
km. China’s plans for the next two years require 
250 ePbMs. With such extensive global metro 
expansion plans, increasing ePbM performance 
would have a monumentally positive economic 
impact, with tunnels being excavated in less time 
and at lower cost.  ePbMs on several projects 
have recently set performance records. in this 
paper, the authors examine these and other 
projects, searching for clues as to why some 
ePbMs perform at higher rates than others and 
attempt to determine which causes are in the 
control of contractors, which in control of the 
machine designers and how one might replicate 
high performance on future projects.

2 THe ProJeCTs anD TbMs

This paper is based on the data gleaned 
from 46 ePb projects around the world. The 
complete source data cannot be made available 
publicly. The 46 TbMs for which we reviewed 
performance (average weekly excavation in 
meters) were located in 11 different countries 

and worked on 22 different projects. With 100% 
of the projects reporting their average weekly 
production, following is the summary of the 
average TbM weekly advance:

•	 Maximum: 184.8 m/week average
•	 Minimum: 33.7 m/week average
•	 average: 85.5 m/week average
•	 standard Deviation: 36.0 m/week average

from our analysis the factor most closely 
correlating to high performance is ground 
conditioning; the establishment of a ground 
conditioning plan for the specific project based on 
actual geological sample testing in coordination 
between the contractor, the ebM manufacturer 
and the ground conditioning chemical supplier.  

3 ConClusion

To increase the probability of high speed 
tunneling, minimize risks of excavation issues 
(over / under excavation and/or ground 
pressurization), and decrease wear for reduced 
mechanical maintenance interventions, a 
ground conditioning regime plan is essential.  
a well thought out plan requires geological 
samples, all available geological reports and 
the participation of the contractor, the ePbM 
manufacturer and the ground conditioning 
chemical supplier.  

KeYWorDs: Mixed ground, soft Ground, Metro, ePb, Tunnel boring Machines
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Methods for Reducing Contamination Risk of Earth Containing 
Heavy Metals from Tunnel Excavation

M. Yamawaki 
Central Nippon Expressway Co., Ltd, Nagoya, Japan.

a. ishida
Central Nippon Expressway Co., Ltd, Nagoya, Japan.

M. nakata
Central Nippon Expressway Co., Ltd. Nagoya, Japan

1 inTroDuCTion

The shin Tomei expressway part of aichi 
prefecture is dominated by sandy gneiss and 
pelitic gneiss. from the pre-survey, it was found 
that some of the gneiss contained heavy metals 
(lead, cadmium, arsenic, and selenium) at levels 
higher than the environmental standards. 

During the survey and planning stage, it was 
determined that the excavated earth containing 
heavy metals were would be disposed of as 
industrial waste during the early phases of  
construction, and most of the excavated material 
would be used for the embankment along the 
main road of expressway after necessary 
countermeasures were taken. However, the 
quantity of heavy metals turned out to be greatly 
different from the original plan, causing several 
changes in containment strategy. 

2 sTaTus of ConsTruCTion WorK

in Gakudozan Tunnel and adjacent nukata 
Tunnel in the shin Tomei expressway, arsenic 
that exceeded the environmental standards 
was found in about 70% of the excavated length 
from the “up” and “down” lines of the tunnel, 
which greatly surpassed original expectations. 
Therefore, the situation has affected the 
capacity of the countermeasure embankment 
area and the transported schedule and others.

in contrast, excavation of nukata Tunnel 
was put on hold until completion of the 
countermeasures embankment preparation, 
and was utilized as a temporary storage yard 
for heavy metal-containing earth in order to 

continue excavation of Gakudozan Tunnel 
(Photo 1). Moreover, several measures were 
taken.

Photo 1. Temporary storage for tunnel rock waste  (behind 
the heavy machine)

3 ConClusion

Prior detailed research including other project 
examples and investigation into the heavy metal 
analysis at the time of elution are necessary, 
and discussions with neighborhood residents 
and the proper authority, and reporting are 
highly important.

The act primarily accounts for earth and 
sand, though is less clear about rock mixed with 
tunnel waste. However, there is some latitude 
for devising an effective plan for the method and 
construction management techniques, including 
the countermeasures methods.

KeYWorDs: arsenic, heavy metals, elution amount
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A case study on construction method of four-line tunnel in 
weak rock

H. J. Zhang, W. G. Qiu, G. Huang and s. Man
Key Laboratory of Transportation Tunneling Engineering, Ministry of Education, School of Civil Engineering, 
Southwest Jiaotong University, Chengdu, China.

1 inTroDuCTion

Due to terrain restriction, sometimes railway 
station has to extend into a tunnel. in China, 
there is a four-line tunnel because of railway 
station extending into a tunnel with 547m. The 
largest span of this tunnel reaches 28.42m, 
and the maximum area is up to 354.30m2. The 
tunnel body mainly goes through in mudstone 
and shale clamp sandstone.

How to construct this four-line tunnel safely 
and fast? it is suggested to divide the tunnel into 
three sections as portal section, shallow buried 
section and deep buried section.

for portal section, the overhead slope is 
reinforced by frame beams with pre-stressed 
cables. besides, double layers pipe umbrella 
are used as advance support to assist tunneling. 

for shallow buried section, construction 
method is showed in figure 1.

figure 1. Construction method for shallow buried section.

for deep buried section, construction 
method is showed in figure 2.

figure 2. Construction method for deep buried section.

2 ConClusion

Two construction methods have been proposed 
in this paper, and successfully applied in a four-
line railway tunnel in China.

it’s worth mentioning that pre-stressed 
cables are used to replace temporary support to 
reduce the risk of removing temporary support 
in both the two methods, even directly using 
cables to instead of temporary support in some 
positions. With the help of cables (even at the 
protection of final lining for the method as figure 1 
shows), following excavation could be speeded 
up by using large machines without restriction of 
temporary support. We call this method as “First 
chew bones, and then eating meat”. 

KeYWorDs: construction method; four-line tunnel; pre-stressed anchor cable; naTM.
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Comparison of estimated and actual measured face pressure 
in EPB-TBM tunnelling

M. Zoorabadi, s. saydam, W. Timms, b. Hebblewhite, P. Hagan 
School of Mining Engineering, UNSW, Sydney, Australia

1 inTroDuCTion

The required pressure for tunnel face support 
is one of the most challenging questions in soft 
ground tunnelling. Considering the instability of 
soft ground during excavation, shield machine 
is increasingly used to enhance the personnel 
safety and prevention of intensive deformation. 

earth pressure balance is the most common 
shield system using freshly excavated material 
to provide continuous support of the tunnel face. 

Calculation of the required effective support 
pressure depends on several parameters 
including: tunnel diameter, overburden, working 
chamber pizometric pressure, ground water 
elevation from tunnel invert, shear strength 
parameters and saturated density of material 
surrounding the tunnel.

This paper presents the comparison between 
calculated and measured support pressures for 
lot.1 of Dez-Ghomroud water transfer tunnel, 
iran. The support pressure computed using 
analytical methods which introduced by borms 
& bennermark (1967), atkinson & Mair (1981), 
anagnostou & Kovari (1996) and Terzaghi’s silo 
theory (Table 1).

Table 1. Calculated support pressure.

Methods support pressure [KPa]
borms & bennermark 341
atkinson & Mair 401
Terzaghi’s silo Theory 359

actual applied support pressure was 
measured during TbM operation by 5 sensors 

inside chamber (figure 1). average and 
standard deviation (sTDeV) of the measured 
values are listed in Table 2.
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figure 1. Measured support pressure.

Table 2. statistic values of measured support pressure 

no s.1 s.2 s.3 s.4 s.5
ave (KPa) 139 147 149 113 170
SD (KPa) 59 59 61 33 63

2 ConClusion

Comparing the predicted values from analytical 
methods with measured value indicates that 
analytical methods overestimated the face 
pressure. The ratio between average values of 
measured and predicted support pressure was 36-
42%. These results are similar to the results which 
found by O’Carroll (2002). Therefore, a coefficient 
of 0.3 to 0.5 should be applied to calculated 
support pressure to have reliable prediction for 
ePb-TbM tunnelling within stiff soil.

KeYWorDs: Mechanized tunnelling, ePb-TbM, Tunnel face pressure. 
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