
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


71

Geotechnical Aspects of Underground Construction in Soft Ground – Viggiani (ed)                                                             
© 2012 Taylor & Francis Group, London, ISBN 978-0-415-68367-8

Construction, design and measured performance of bored tunnels

C.O. Menkiti
Geotechnical Consulting Group, London, UK

ABSTRACT: This report reviews 24 papers submitted to the Symposium under Session TS1: 
Construction, Design and Measured Performance of Bored Tunnels. The papers are reviewed in three 
groups: Design (and Analysis), Construction and Measured Performance.

given in Section 5. The purpose of the General 
Report is to give a broad overview of the papers 
within the subject area. The intention is to provide 
the reader with an outline of the information pre-
sented in this session and to guide them efficiently 
to the papers of specific interest to them, which can 
then be consulted for more detailed information. 
A brief  critique of the papers is also presented.

2 DESIGN AND ANALYSIS

2.1 General

Arroyo et al: Design of jet grouting for tunnel water-
proofing. This paper presents a case history from 
Barcelona. A new high speed rail tunnel was exca-
vated in quaternary deposits, dominated by paleo-
channels of water bearing sands and gravel. The 
high speed rail tunnel was constructed at depths of 
6–25 m and passed beneath the still active existing 
railway lines. Ground water level was at 10–15 m 
below ground level. Jet grouting was used to miti-
gate the danger of sudden collapse and inundation, 
which was the primary risk. (Settlement, if  slow, 
could be tolerated due to an active ballast mainte-
nance programme.) Several jet configurations are 
considered. The paper focuses on sub-horizontal 
single fluid pipe canopy and floor slabs configura-
tions, used where vertical access was not available. 
Details of field trials and other design tools used 
to successfully construct the tunnel are given in 
the paper. Figure 1 shows the probabilistic assess-
ment used to verify the continuity of the jet grout 
canopy—a key design requirement.

Bilotta & Russo: Back-calculation of internal 
forces in the segmental lining of a tunnel. The 
authors provide good information on the strains 
and loads in segmental lined tunnels from produc-
tion to tunnel construction. The aim of the paper 
is to better inform the design process. Naples Line 
1 tunnels were instrumented (6.75 m dia EPB; 
wedge block lining with water proof gaskets). 

1 INTRODUCTION

The realization of any tunnelling project involves 
at least four phases:

• Feasibility studies,
• Design (and analysis)
• Construction
• Maintenance over the asset life span.

This General Report focuses on design and 
analysis, construction and measured performance. 
Measured performance or monitoring is important 
for several reasons. Monitoring is important for 
validation of the design assumptions, for control 
of construction processes and quality, for mitiga-
tion of risk to nearby infrastructure and people, 
for optimization of the construction process (speed 
and cost) and following construction for the man-
agement of the tunnel asset through the remainder 
of its life cycle.

A total of 24 papers from 10 countries were sub-
mitted under Session TS1: Construction Design 
and Measured Performance of Bored Tunnels. 
The breakdown of the papers is given in Table 1. 
Included is a count of whether the papers present 
information on collapses, because it is often when 
failures occur that we learn the most.

This General Report is divided into three 
sections covering; Design and Analysis (Section 2), 
Construction (Section 3) and Monitored 
Performance (Section 4). Conclusions are 

Table 1. Summary of presented papers.

Theme
No. of 
papers

Case 
history?

Information 
about collapse?

Design & analysis  7  6 2

Construction 10 10 3

Measured 
performance

 7  6 0
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Tunnel segments were instrumented with VW strain 
gauges to measure bending and axial load in trans-
verse & longitudinal directions. Ground conditions 
comprised sands below the water table. The tunnel 
depth at the monitoring sections was 14–19.5 m. 
The obtained results show load development dur-
ing ring build and shove, as the instrumented ring 
and subsequent rings are built (Fig. 2).

Boldini et al: Modelling a deep tunnel in a low-
porosity tectonised clay. For tunnels in clay soils, 
undrained behaviour is usually assumed during 
construction. In deep tunnels in clay soils, stress 
relief  induces a large plastic zone around the tun-
nel within which pore water pressures may reduce 
to large negative values. In pervasively fissured, 
very stiff  scaly clays, the actual behaviour may 
be different—because fissures could open up on 
unloading and saturation may be lost. The authors 
have developed four different models, representing 
a range of feasible pore pressure responses, and use 
these to study this phenomenon in the short and 
long term after pore pressure dissipation/equaliza-
tion (Fig. 3). Their study is made with reference to 
the Raticosa tunnel. Boldini and co-authors con-
clude that the various models have little impact on 
the predicted lining load.

Sapigni et al: High resolution multi channel seis-
mic survey for the excavation of the new headrace 
tunnel for Crevola Toce II hydropower scheme. The 
paper reports seismic refraction & reflection sur-
veys that were conducted through gneiss and inter-
layered metasediments. These investigations were 
augmented with downhole seismic tests to 400 m 
depth. The authors state that interpretation of the 
collated information allowed improved geological 

modelling. The authors also argue that this infor-
mation can inform feasibility studies of various 
tunnel alignments to allow the avoid weak zones.

Bezuijen et al: A comparison of analytical and 
numerical models. The authors highlight that ben-
tonite and grout flow around a TBM shield affect 
the settlement trough. Yet, most settlement models 
assume that the soil is in contact with the shield. 
Bezuijen and co-workers argue that numerical mod-
els that ignore the bentonite/grout layer may there-
fore over prediction of settlement. To investigate 
this phenomenon, 1D and 3D models developed 
by the authors are described and their results com-
pared. On this basis, Bezuijen et al conclude that 
flow of process fluids around the TBM has a signif-
icant effect on volume loss, but only for cases where 
volume loss is already relatively low (i.e. <1%).

Perazzelli et al: Analysis of convergence data and 
3D numerical modelling in fine-grained soils. These 
authors present data for Santa Maria Twin tunnels 
in Calabria, constructed using sequential excavation 
and support with sprayed concrete lining (the variant 
often referred to as the traditional “Italian Method”). 
the tunnel face area was 120–180 m2 at depths up to 
120 m. The ground was alternating layers of silty clay, 
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Figure 1. Probabilistic analysis of the continuity of 
tunnel canopy (a. longitudinal section; b. example of 
cross section simulation; c. cumulated frequency distri-
butions of the minimum thickness of the canopy)—from 
Arroyo et al.

Figure 2. Typical strains measured during installation: 
a) circumferential; b) longitudinal (Bilotta & Russo).

Figure 3. Possible schemes of pore-pressure distribu-
tion for short (a) and long-term situation (b). “a” is the 
tunnel radius, R the plastic radius and p0 the undisturbed 
in situ pore pressure (Boldini et al).
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sand and silt. Presented ground water information is 
limited. Convergence measurements were analysed 
using “closure analysis”. This technique attempts to 
relate tunnel lining displacement to the distance from 
face and to time. Comparisons were made to FLAC 
3D analyses results to give an insight into the tunnel 
behaviour during construction.

P. Patrizi: The Line 3 of the Metro of Cairo. 
This paper presents a useful case history example 
located in the alluvial flood plain of the River Nile. 
Ground conditions comprised variable fill over 
layers of sands, alternating with clay and gravel. 
Ground water is 2–20 m bgl. Diaphragm wall sta-
tion boxes were constructed first, before slurry 
TBM passage (9.15 m o.d.). A grout plug was used 
to seal the base of boxes before excavation, and the 
seal was verified by pumping tests. In Phase 1 of the 
project, a collapse occurred on 3/9/2009. A sink-
hole extended to the surface and the TBM was 
flooded and buried (Fig. 4). The recovery of the 
TBM after the collapse is described. Recovery was 
by primarily by ground freezing (brine, 4 weeks for 
ice wall closure). Many other interesting details of 
the project are also given in the paper.

2.2 Conclusions reached—design & analysis

The papers reviewed under the Design and 
Analysis section have brought out a few key points. 
The pore pressures response of stiff  highly fissured 
clays is complex—but is beginning to be better 
understood. It is likely that the lining loads of a 
segmental lined tunnel would vary over a wide 
range simply due to small variations in ring build. 
Bentonite and grout flow around the TBM shield 
is now better understood. Some good case histo-
ries are provided.

3 CONSTRUCTION

3.1 General

Pelizza et al: Back-fill grout with two-component mix 
in EPB tunnelling to minimise surface settlements: 

Rome Metro—Line C case history. The authors 
list the functions of tailskin grouting as; void fill-
ing to minimise settlement, locking the segmental 
lining into place to resist loads from self  weight, 
TBM thrust and TBM back-up train, ensuring 
uniform contact between the ring and the sur-
rounding ground, avoiding puncture loads and 
complimenting the tunnel waterproofing system. 
To achieve these, clear design criteria must be met. 
The two component mix is essentially a super fluid 
mortar, stabilised so that it can survive the period 
from batching to injection. At the injection point, 
an accelerator admixture is introduced so that the 
grout gels a few seconds afterwards. The authors 
describe the experience of using the two component 
mix at Rome Metro C, where four EPM machines 
of 6.71 m excavation diameter were used in varia-
ble ground conditions. The mix utilised is reported 
to comprised 700–820 kg of water with 30–60 kg 
of bentonite, 310–350 kg of cement 3–7 litres of 
retarding agent, and 50–100 litres of accelerator. 
The quality and continuity of the grout backfill 
was verified by quality testing, which included in-
tunnel coring and geophysical surveys.

Spagnoli et al and Thewes et al: examine the 
problem of EBP TBM conditioning in various 
ground conditions, as it relates to optimization 
of TBM performance. Spagnoli and co-workers 
consider the clogging in high PI clays. They exam-
ine the mineralogy and electro-chemistry of four 
soils prone to clogging. These workers use a cone 
pull-out test and other laboratory tests to meas-
ure adherence and thus to assess the potential for 
clogging. The authors describe a new “Clogging 
Test System” (CloggTS) which they argue mimics 
some aspects of the material cutting and handling 
in a TBM. Thewes et al examine foam condition-
ing for sandy soils. They describe the background 
and previous work on assessing foam injections for 
EPB-TBMs. The authors then report on the exper-
imental investigation of foam generation and soil-
foam mixtures. Thewes and co-researchers find 
a dependence of foam quality on the size of the 
foam gun and conclude that industrial size foam 
generators are needed in laboratory investigations 
in order to replicate site conditions.

Oteo et al: A new tunnel bored in alluvial soft soil 
under Malaga Airport. An extension of Malaga 
Airport required the diversion of a rail line below 
the River Guadalhorce. The paper describes the con-
struction of this diversion tunnel. Construction was 
by EPB machine and cut and cover methods. Large 
deformations occurred at the start of the project 
and this served as an early warning, triggering addi-
tional ground investigations and an augmented 
design. The encountered ground conditions were 
mixed, comprising quaternary sands, gravels and 
clays. Various ground improvement applications 

Figure 4. Compaction grouting above the collapse 
area—longitudinal section (Patrizi).
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were utilised, and these are described in the paper. 
With these ground improvements, settlements were 
better controlled (up to 50 mm) as compared the 
case without treatment (50–200 mm, see Fig. 5).

Santoro: The effects of anisotropy and of inhomo-
geneity of stress state on the lining of road tunnel in 
a Flysch formation. The author describes an 80 m2 
tunnel constructed with SCL using the sequen-
tial excavation method colloquially known as the 
“Italian traditional method”. The tunnel was in 
Fortore, Campbasso, Italy. The tectonised ground 
generated “squeezing” conditions and large settle-
ment of the top heading. This necessitated the use 
of micropiles and novel ground anchors (referred 
to as “TFEG”). FE analyses were used to better 
understand the tunnel-ground response—particu-
larly for sections near a slope which were subject to 
an initially anisotropic stress conditions.

Romani et al: Deep excavation of Malatesta 
Station in Rome: design, construction and mitiga-
tion measures. This paper presents a good case 
history. The ground conditions comprised made 
ground and alluvium over fluvially sedimented 
pyroclastics. The pyroclastics (Tuff) had the 
consistency of a fine to granular soil with some 
cementation. The station was constructed top-
down in diaphragm wall supported boxes. The 
walls extended significantly below final excavation 
level in order to cut-off  ground water flow. There-
fore internal dewatering was all that was needed 
to aid construction. Design was supported by 3D 
FE analysis and monitoring was used to verify the 
design and allow optimization. Temperature cor-
rection of monitoring results was found to be an 
important factor. Figure 6 presents a summary of 
the measured ground movements.

Quick et al & Pigorini et al discuss the rehabili-
tation of existing tunnel. Quick and co-workers 
present the case of two adjacent railway tunnels 
beneath the historic city of Mainz, at a depth of 
26 m. The tunnels were in clay silt and marl, with 

Figure 5. Comparison of subsidence—predicted and 
measured (Oteo et al).

Figure 6. Predicted and monitored ground surface set-
tlements and horizontal wall movement (Romani et al).

the water table at or below invert level.  Various 
 in-tunnel measures and surface grouting were 
undertaken to minimise settlement and the effect 
on buildings (see Fig. 7). Measured settlements 
were up to 100 mm.

Pigorini et al present the re-profiling of the Cas-
sia-Monte Mario railway (8.8 m i.d.). The tunnel 
was under the water table, at depths of up to 76 m. 
There was a need to demolish and reconstruct 
the invert. An earlier attempt in 2004 had led to 
a serious breech and flooding of tunnel. A revised 
approach using ground freezing was adopted 
(target temp −10oC). Field trials and numerical 
analyses were used to support the design. The con-
struction sequence meant that some freeze pipes 
would be cut through during the excavation and 
support work (Fig. 8). The ground was frozen for 
45 days, then the freeze pipes were cut and excava-
tion carried out before excessive thawing occurred 
(Fig. 9). Further useful information can be found 
in the paper.

Croce et al and Quick et al present more case 
histories of tunnels construction in difficult sites. 
Croce and his colleagues describe the construction 
of a sewer in difficult ground with shallow cover, 
beneath existing buildings and utilities. Quick et al 
present the construction of the rescue tunnel for 
the Brenner Base Tunnel. The rescue tunnel pro-
vided geological and monitoring information and 
dewatering access, in advance of the construction 
of the main tunnels.

3.2 Conclusions reached—construction

The papers examined in the Construction section 
raise several useful points which are now summarised. 
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Figure 7. Undercrossing of a hotel; driving concept 
and securing measures (Quick et al, quoting Steiger et al. 
1999).

Figure 8. Freeze pile layout and tunnel cross-section. 
(Pigorini et al).

Figure 9. Variation of temperature with time during 
ground freezing. Data from intermediate sensors at the 
side walls in section n° 1 (Pigorini et al).

Many useful case histories are described highlight-
ing good practice but also problems and challenges. 
A large range of ground treatment solutions are 
presented. Useful developments in EPM condition-
ing and testing are also described.

4 MEASURED PERFORMANCE

4.1 General

Measured performance of tunnelling works is usu-
ally obtained by monitoring. For the reasons given 
in Section 1, monitoring is required both during 
and after construction. Increasingly, monitoring 
is also undertaken long after construction, in aged 
tunnels, to assist asset management and mainte-
nance. This section of the General report considers 
monitoring through all stages of the tunnel asset 
lifecycle.

Soga et al and Vanicek et al: draw on recent 
advances in technology to effectively monitor the 
condition of ageing metro infrastructure in Lon-
don, Prague and Barcelona. The new technologies 
they harness are; Micro-Electro-Mechanical Sys-
tems (MEMS), Wireless Sensor Networks (WSN), 
laser scanning and computer vision. The monitor-
ing systems they have developed involve a two-tier 
approach; (i) mico-detection of defects using com-
puter vision, and (ii) micro-monitoring and com-
munications using MEMS and WSN technologies. 
The authors claim that these technologies are 
potentially low-cost. They therefore allow the pos-
sibility of reducing maintenance costs of “end-of-
life” structures (such as aged tunnels). An example 
of a MEMS sensor is shown in Figure 10.

Figure 11 shows deployment of MEMS sensors 
and WSN communications in a tunnel. Much use-
ful detail is given in both papers.

Sagong et al: Application of the image & laser 
sensors based tunnel scanning system. These authors 
highlight that old tunnelling are traditionally man-
aged through labour intensive tunnel inspections. 
They present a new “opto-laser” monitoring sys-
tem that incorporates two 2 components—a bank 
of cameras which capture surface defects that are 

Figure 10. Double-ended tuning fork (DETF) 
 parallel-plate resonators, e.g. as used for crackmeter 
devices (Soga et al).
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then automatically identified by computer, and a 
bank of spot lasers that scan the tunnel intrados 
to give 3-D geometric and radiometric representa-
tions. Radiometric representations provide infor-
mation on surface characteristics such as wetness, 
surface cracks, etc. Useful information on the 
details and capabilities of this system, together 
with the interpretation processes are presented in 
the paper. An example of a laser representation 
from a laser scan is shown in Figure 12.

Janin et al: Settlement monitoring and tunnelling 
process adaptation—case of south Toulon Tunnel. 
These authors describe an observational method tun-
nelling case history. Settlements were controlled by 
adjusting lining support measures in direct response 
to the observed settlements and settlement trends. 
Adjusted support measures included; (i) modifica-
tion of face bolting detail, modification of umbrella 
pipe arch details, and (iii) further sub-division and 
sequential excavation of the tunnel face. An analyti-
cal equation was derived for the evolution of surface 
settlement at a point, as the tunnel approached and 
passes. This profile of predicted settlement was then 
used as a basis to adjust the tunnel support measures 
in order to keep the observed settlements within pre-
scribed thresholds (see Fig. 13).

De Santos et al: Back-analysis of measured 
movements in ageing tunnels. Other papers in this 
session (Soga et al & Vanicek et al) have dealt with 
improved monitoring of ageing tunnels. De  Santos 
and co-workers build on this work to develop a 
method of using such data in back-analyses to 

derive critical parameters for the ageing tunnel. 
The variables monitored in ageing tunnels are 
 typically displacements such as opening of cracks, 
joint rotations, etc. De Santos et al argue that 
such data could be used as input information to 
assess or infer the loads on the lining and thus the 
reason(s) for damage to the ageing tunnel. This is 
the reverse of normal analysis/assessment where 
you start with forces and stiffnesses and calculate 
displacements. For a set of measured displace-
ments, several solutions are feasible. Optimisation 
techniques are therefore used by the authors to 
find the most likely answer. The method was illus-
trated using a section of the Jubilee Line tunnel 
in  London containing rings with domed segment 
joints (Fig. 14). The earth pressure at rest (Ko) and 
the joint stiffness were inferred from the measured 
displacements by this technique (Fig. 15).

Sorge et al, and Gilby & Socol present papers on 
monitoring systems for new tunnels. Sorge and his 
fellow workers discuss the monitoring for Metro 
Line C in Rome. Some 933 instrument groups were 
needed, with about 20,000 devices and 23 km of 

Figure 11. WSN in London underground tunnel (Soga 
et al).

Figure 12. Laser scanning data set after digital filtering 
(Sagong et al).
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cables. Monitoring had to provide complete,  reliable 
and prompt information, while minimising the risk 
of human error and allowing  flexibility. Gilby & 
Socol discuss a web based platform (GECMS) for 
managing construction and monitoring data. A 
different platform for geotechnical interpretation 
is also discussed.

4.2 Conclusions reached—measured performance

Automated and semi automated systems are now 
available to monitor new and ageing assets (e.g. for 
London Underground some assets are up to150 yrs 
old). Very large amounts of data are now routinely 
generated with monitoring (e.g. laser range finder 
scans tunnel lings at a frequency of 200,000 read-
ings per second). Interpretation, searching and 
locating critical information are problems that are 
likely to have increasing importance in the future. 
Several good case histories also provided.

5 OVERALL CONCLUSIONS

There have been many recent developments in 
tunnel design and analysis, tunnel construction 

and measured performance. The key trend drivers 
appear to be:

• Pressures associated with economic and safe 
management of ageing infrastructure;

• Cost pressures (project construction costs and 
whole-life-cycle costs);

• Programme pressures (faster delivery);
• Technological advances, and
• Increasing public and client expectations.

There has been marked improvement in:

• Monitoring and data management capabilities. 
Is there a risk of data overload?

• The speed of data acquisition and the ability 
to respond to the observed measurements has 
increased substantially and is now in the order 
of minutes. Is this a new era of the application 
of the Observational Method?

• Use of numerical modelling, particularly 3D 
modelling is growing. Is this matched with growth 
in the availability of competent analysts and com-
parable high quality ground investigation data?
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