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ABSTRACT: There are several reasons for monitoring of underground structures and they have
already been discussed many times, e.g. from the view of ageing or state after accidental event like flood-
ing of Prague metro in 2002. Monitoring of Prague metro is realized in the framework of international
research project sponsored by ESF-S3T. The monitoring methods used in Prague are either classical one
or new or developing one. The reason for different monitoring methods is the different precision of each
method and also for cross-checking between them and their evaluation. Namely we use convergence,
tiltmetres, crackmetres, geophysical methods, laser scanning, computer vision and finally installation of
MEMS monitoring devices. In the paper more details of each method and obtained results will be pre-
sented. The monitoring methods are complemented by wireless data collection and transfer for real-time
monitoring.

1 INTRODUCTION Changes in deformation can be observed by

different methods in accordance with length of
Ageing of structures represents a general problem  sector or according to demanded preciseness. Gen-
and have a little bit different undertone for indi-  erally it is valid that for longer sectors the meth-
vidual types of structures. At present day there  ods with lower preciseness are used, as are able to
are millions of civil engineering and building inform about prevailing character of deformation,
structures, where design serviceable life is usually  about deformation development in longer time
defined in the range of 70-120 years. However at  interval. They can be used also for the evaluation
the same time we are speaking about structures, of abrupt changes in loading. Therefore the fol-
mainly underground one, for which serviceable life ~ lowing methods and experiences with them are

should be much longer. described in more details:

Underground structures have specific proper-
ties, they are much less accessible and relevant — Conventional monitoring using convergence
state verification is more complicated. For the tape measurements, tilt plates measurements
majority of the underground structures the dome- and crackmeters measurements—determination
shaped roof is composed by concrete lining. The of deformation in time for one selected profile.
basic manifestation of changes on such structures  — Vibrations monitoring using geophysical type
is directly connected with deformation—of all pro- of measurements by geophones—determination
file, in local cracks or micro cracks on the concrete of relative deterioration of individual lining seg-
surface. The chemical degradation of the surface is ments, where geophones are installed.
another manifestation. — 3D laser scanning measurements for determi-

International research project was established to nation of exact shape of lining and its possible
study the effects of tunnel lining ageing and to sug- movement in time, which seems to be very useful
gest the monitoring options to predict the lining for longer sectors.
deterioration in order to determine the optimized — Photographic methods based on comparison of
plan of care (repair, refurbishment, reconstruc- pictures (camera) or picture sequences (video—
tion). Within this international project 3 metro camera) inscribed as “Computer Vision”, where
systems were included in the monitoring trial— pictures taken in the different time periods are
Prague, London and Barcelona. The main mani- compared, whereas cannot be taken from the
festation of the tunnel lining deterioration is its same position. The methods are proposed for
deformation in time. sectors with the length of order m or tens of m.
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— Novelty methods enabling very precise measure-
ment, whether for observation of the deformation
of the whole tunnel profile or for deformation in
micro scale, capable to measure the deformation
changes in the order of 1 x 10 mm (MEMS
systems—micro electrical mechanical systems),
which are able to observe the development of
deformation of microcracks in time.

A great attention is devoted not only to the defor-
mation measurement but also to the data recording,
see Vanicek et al. (2008). It is not only the question
of frequency of individual measurements but first
of all of question of transfer of measured values
to the place of destination. Direct measurement
on the place where measuring devices are located
is the up to now the simplest method, but it is nec-
essary to perform it during night time when the
metro system is closed. Second phase is continual
collection of data with the help of data-logger and
with subsequent transfer to the laptop after a cer-
tain time period during the night site visit. Another
possibility is to use wired connection of sensors to
the central, which is situated nearby and accessi-
ble from the metro station. Wireless technology
represented last advanced phase, when measured
values are collected by wireless network directly in
the tunnel and subsequently send again with wire-
less technology to the server for further processing
and evaluation. This system allows for continuous
control of measured data on a computer.

2 MONITORING SITES

For Prague metro monitoring several possible
monitoring locations were identified during initial
site walkovers through metro tunnels. The loca-
tions were suggested not only by the project team
but also by the metro operating company “Prague
transport company” based on their long-term vis-
ual inspection and experience. Also some members
of the project team were participating on inspec-
tions of Prague metro tunnels after theirs flooding
in August 2002 (Vanicek et al. (2007)). The experi-
ence from inspections was also accounted for dur-
ing the walkovers and site identification.

As a result of the site identification a decision
was made on selection of 2 main sites for monitor-
ing in the frame of our project.

2.1  Monitoring profile 1

The first site, which was instrumented in Decem-
ber 2006 by first set of conventional and geophysi-
cal monitoring equipment, is located on line C in
between the stations “Nadrazi HoleSovice” and
“Vltavska” on track 2 chainage 18 + 275 km. This
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Figure 1. Long section through metro tunnel in moni-
toring profile 1.

Geological conditions

0.0-2.5 made ground

2.5-5.4 sandy (silty-sandy) gravel

5.4-8.8 Letenské schists—highly weathered (“N”)
8.8-14.2 Letenskeé schists—weathered (“SN”)

>14.2 Letenské schists—unweatherd

top lining face ~ 12.6 m; bottom lining face ~ 18.4 m.

site was continuously amended by additional
monitoring equipment.

The tunnel in this section was constructed using
so called the “Prague” ring tunnelling method with
lining from precast reinforced concrete segments.
This monitoring profile is situated about 12.6 m
below surface (see Fig. 1). On the lining there are
visible network fine and thick cracks. Based on
verbal information somewhere in this section there
was most probably large overdig.

The bedrock rocks are formed of ordovic Leten-
ské layers within flysch formation. This is charac-
terised by interlaying of weaker rocks (clayey-silty
schists, siltstones) with hard to very hard rocks
(quartzite, silicious sandstones, silicious gray
wackes).

2.2 Monitoring profile 2

The second site, which was instrumented in Decem-
ber 2008 by first set of geophysical monitoring
equipment, is located on line A in between the
stations “Staroméstska” and “Mustek” on track 1
chainage 19 + 467 km.

Tunnel lining is composed of mass press con-
crete of 345 mm inn thickness, which was made
by mechanised shield TS¢B-3. In the lining there
are visible several types of failures. Based on avail-
able information there was large overdig in the
area under the church of St. Havel, where the
whole shield train supposed to stop for 4 days. In
the section between the stations “Staromeéstska”
and “Mustek” strengthening of overburden was



performed by injection wells and infill grouting of
caverns opened during tunnelling.

The bedrock rocks are formed of highly tectoni-
cally cracked Zahoranské, Bohdalecké and Dobro-
tivské layers composed mostly from clayey schists.
Dividing line of these layers is located approximately
at the chainage 19 + 463 km. Through selected sec-
tion (about km 19 + 450) is passing one of the main
tectonic lines of Barrandien—so called “Prague
fault” of 20 m in width. We assume that in this
section micro-seismic movements could manifest
as a reaction on seismic events from either Krusné
Mountains or further away European sites.

3 CONVENTIONAL MONITORING

Conventional monitoring was divided into two
main stages with respect to the selected section, see
Fig. 2:

— In the first stage it was portable tiltmeter and
deployment of tilt plates, convergence meas-
urements by tape in between installed con-
vergence bolts for measurements of overall
section deformation together with lining and air
temperatures;

— In the second stage monitoring of cracks behav-
iour by crackmeters with logging of data using
data-loggers;

Convergence monitoring was used for checking
of the global deformation of the tunnel test sec-
tion in time. The measured deformations were in
the range of tenths of millimetre in the monitor-
ing period of three years. Distance measurement
between individual points is performed by conver-
gence tape with precision of 0.01 mm and repeat-
ability of 0.05 mm. For measuring of lining tilting
system from Slope Indicator company is used. This
system is composed of set-in probe, reading unit
and bronze tilt plates. Measurement range is £53°
from vertical with precision of 8 arc seconds, i.e.
0.04 mm/m. Tilt plates close to the tunnel crown
indicated long-term symmetric inclination changes
almost related to the lining temperature variations,
Fig. 3. The other plates, by tunnel invert and one
close to the rail, indicated similar range of inclina-
tion changes but not directly related to variations
of the temperature. Comparison of tilt and con-
vergence lined out that nodal/fixed points of the
lining are perhaps close to the convergence bolts
and the significant deformations are inclination
changes mostly affected by temperature, Zalesky, J.
et al (2008).

Conventional methods of monitoring proved
that selected profile even showing some marks of
deterioration is stable and measured deformations
are in acceptable range showing long-term cyclic
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behaviour. However pointed out on significant
thermal sensitivity of the concrete tunnel lining
which can result in faster deterioration of it, espe-
cially in case of evidence of active crack system
(Bubenicek et al, 2008).

Crack monitoring indicated cracks activity
less than 0.1 mm range of deformation, Figure 4.

-~

Figure 2. View of the test section 1, direction Vltavska
station (tilt plates and convergence bolts are presented by
yellow circles and cracked lining segment by red ellipse
where crackmeters, geophones and inclinometers are
installed).
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Figure 3. Results of tilt changes monitoring—plates
parallel to the tunnel crown.
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There is selected a day snap (mid-April 2008) with
high temperature variation. Thermal compensa-
tion of gathered displacement data is necessary.
The best way of compensation is an application of
reference crack sensors. This is precisely, what is
done in the test section, namely with respect to the
future installation of newly developed MEMS sen-
sors by our international partner in the project—
CNR Bologna. The crack activity as “Crackmeter
Difference” is presented in the Figures 4. The com-
pensated crack activity is 5 times overscaled in the
Figure showing closure of the crack with increas-
ing temperature, as expected.

4 VIBRATIONS MONITORING

Initially two alternatives of geophysical monitor-
ing were installed in the monitoring profile 1. The
first method is an analysis of time-development
frequency spectra of the structure vibrations under
the traffic loads. Seismic velocity sampling is the
second method and is based on the measurement
of elastic wave velocity passing through the tunnel
lining. The first method is using MEMS geophones
embedded into concrete lining. Always 2 geophones
are embedded, one in cracked section of lining and
second in visually intact part of lining.

Before installing of crackmeters in the monitor-
ing profile 1 the second method was capable of
visualising the cracks in the tunnel lining segment.
Unfortunately the stiffness and wave velocity prop-
agation of the crackmeters affected the results of
this method and was afterwards discontinued and
never installed in the monitoring profile 2.

The first method proved itself nicely as it is
capable of showing not only changing behaviour
of tunnel segmental lining on climatic changes
(mainly temperature) but as a side effect also tech-
nical conditions of the individual axles of train
undercarriages.

The measurements with first monitoring
method are affected by several aspects. The aspects
on which the monitoring is corrected for are:

— Temperature;

— Humidity;

— Train units weight (i.e. peak and off peak
periods);

— Induced noise on long cables through tunnel;

— Train speed.

The measured raw data from monitored profile
2 for the first geophysical method are presented for
a monitoring period between December 2008 and
2009 on Figure 5.

The results of monitoring corrected for the
main aspects in the order as above are showed on
Figure 6.
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Figure 5. Monitored raw data from dynamic response
of tunnel lining at monitoring profile 2 (Mistek).

Dynamic response of tunnel lining - after correction for train speed
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Figure 6. Monitored data from dynamic response
of tunnel lining at monitored profile 2 (Mustek) after
correction.
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Figure 7. Monitored data as response to train passage.

When placing the train units above the moni-
tored data, it is clearly visible location of train
undercarriage axles (see Figure 7) and also any
irregularities indicating some defects on axles (see
Figure 8).



Train units - sample of mechanical failure identification
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Figure 8. Indication on axle defect from monitored
data.

5 3D LASER SCANNING

3D laser scanning of tunnels is using for deter-
mining tunnel shape (geometry) already for some
time, but mainly for old tunnels before their
refurbishment. Our addition to the concept of
3D laser scanning of tunnels includes the options
for determination of proper shape of tunnel just
after construction, in order to check the quality
of construction works and baseline for future
monitoring and numerical modelling. When
the tunnel is rescanned by the end of guarantee
period, it can be checked on the predicted tunnel
deformation in this period and on possible war-
ranties. In long-term monitoring it is possible to
check again the time dependent convergence of
tunnel. This measurement can determine rela-
tively large change in deformation—in the order
of centimetres.

Another use of the 3D laser scanning can be
the base for computer vision monitoring (see next
chapter) in terms of 3d mapping of lining photos.

We used this monitoring technique at our
monitoring profile 2 (Mustek)—Figure 9. Some
results from initial 3D laser scan are presented on
Figure 10.

6 COMPUTER VISION

This approach to monitoring is based on nowa-
days availability of the digital photos comparison.
Currently it is possible to compare two photos
of the same object even when they are not taken
from the same spot and determine the differences
between them. Based on this assumption a system
that is capable of comparing the photos of tunnel
lining from different time spots and determines
the differences between them is currently being
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Figure 9. Laser scanner Leica HDS3000 in the Prague
metro tunnel close to Mustek station (Pospisil, J. et al,
2007).

Figure 10. View of cloud of measured points by Leica
HDS3000 (Koska, B., 2008).

finalized. In the near future it will be possible to
automatically determine the features on the lining,
if it is a lining defect or not.

The first step in this task is to map the taken
photos of the lining onto 3D space (Chaiya-
sarn et al. (2009)). Within this step first of all it
is necessary to stitch the taken photos together.
Stitching of photos for tunnel lining shows sev-
eral problems, mainly cylindrical shape of the
photographed object from different angles and
distances (see Figure 11). These photos are hav-
ing serious deformations on their edges and hence
there are problems in theirs stitching along the
overlaps. Assuming a cylindrical shape of the lin-
ing it is possible to use mathematical transforma-
tions that could eliminate such distortions of the
photos edges and allow for stitching and mapping
the photos onto 3D space (see Figure 12). This
solution works fine for concrete lining that is in
general flat, while for cast-iron lining with ribs
does not work at all and following approach has
to be applied.



Figure 11. Automatic stitching of tunnel lining photos
excluding the knowledge about its geometry.

Figure 12. Scheme of the surface for lining photos
mapping—additional information.

minimize

f(R,T,P)

Figure 13. Proposed procedure for structured lining
photographing and for determining the special localiza-
tion of photographed object.

In this approach it is required for positioning
individual points from digital photo into space to
perform complicated mathematical transforma-
tions over several photos at once. From this it is
obvious that we need several photos of the same
object from different views. Using this approach
it does not matter the angle and distance of the
camera from the lining even on the contrary it is
a requirement for proper spatial location of each
photo. Suggested way of taking photos for proper
spatial location is shown on Figure 13. These days
we are also checking the option of combining this
approach with 3D laser scanning of the tunnel lin-
ing that can provide the 3D model and later to map

the photos on it, which we believe can significantly
simplify the creation of the primary special lining
model.

Once the selected part of the tunnel lining will
be either way spatially modelled and primary pho-
tos placed on this model then it will be possible
to easily place new photos and compare them in
time.

7 MICRO-MONITORING

In order to be able to monitor in micro level devel-
opment of micro cracks, it is necessary to use spe-
cialised equipment. This MEMS equipment was
developed in the frame of our international project
by colleagues from CNR in Bologna. MEMS sen-
sors are very small (sub millimetre scale), hence
they are very power consumption effective and
could be used for long-term monitoring. The
advantage of these MEMS sensors is their preci-
sion in the range of.

In order to connect such devices to the tun-
nel lining, several alternatives have been checked.
Unfortunately direct gluing on tunnel lining is not
possible as the device was introducing a stiffening
effect, hence it was finally decided to connect the
MEMS sensor onto a thin (0.25 mm) steel flat bar
(see Figure 14), which will be anchored to the tun-
nel lining.

Produced and calibrated MEMS strain sensor
(see Figure 15) is going to be shortly installed in
our monitoring profile 1 just underneath the exist-
ing crackmeters.

STAINLESS STEEL STRIP 8x0,25mm

P N“—i 0 I e
@. .. " \~ MEMS @
=\ dh &

“AREA OF POINT WELDING

“~STEEL DROP-IN ANCHOR

Figure 14. Design of MEMS crackmeter for tunnel
lining.
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Prototype of MEMS based crackmeter.

Figure 15.

8 WIRELESS DATA COLLECTION AND
TRANSFER

In order to be able to monitor the behaviour of
tunnel lining almost instantly, it is necessary to
provide a data collection network that has virtu-
ally no maintenance and high speed of installation.
These criteria are met by wireless sensor network
for data collection and by mobile phone modem
for data transfer from tunnel.

Wired connection is very difficult, as usually a
lot of very long cables are required and there is
a huge problem to get them from tunnel through
sealing profile (doors). This is issue is known to us
here in Prague, as we using this approach for geo-
physical monitoring.

For wireless sensor network it is essential to be
reliable, hence redundant and robust. In terms of
redundancy we specified need for 2 independent
paths from sensor to network gateway, where the
data are collected. In Prague we adopted a sim-
plified approach to provide redundant system—
between gateway and monitoring profile we placed
every 20 m set of 2 relay motes on each side of the
tunnel top above the train running profile. Where
20 m distance was determined by simple trial in tun-
nel. And defines the shortest distance on which the
motes can communicate between each other with-
out any interruption in the tunnel, if they are place
just on the lining on the same side of the straight
tunnel.

The monitoring profile 1 was instrumented by
WSN in September 2008. As the monitoring pro-
file is about 300 m from the nearest station, where
mobile phone signal is available, we installed the sys-
tem “brain”—Balloon mini computer with GPRS
modem about 30 m from station platform into the
tunnel—Figure 16. WSN gateway (Figure 17) was
installed about 100 m further down the tunnel with
a connection to Balloon via Ethernet cable. Both
Balloon and gateway are also connected to mains
power supply. From gateway to actual monitoring
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Figure 16. Central point of sensor network in tunnel—
mini PC Balloon managing the wireless network and con-
necting to the internet.

Figure 17. Wireless sensor network gateway connected
with central point via Ethernet cable.

profile there is 170 m distance which is “hopped”
by 8 pairs of relay motes.

The actual monitoring profile was instrumented
in parallel to conventional monitoring by WSN
tiltmeters (5x) and crackmeters (2 pairs), see
Figure 18.

The measurements are taken every 8 minutes.
The frequency of measurements was decided from
an analysis of energy consumption of the WSN.
And the selected frequency was found as most
energy efficient. Quicker readings would con-
sume more energy, while longer periods would not
save almost anything as there is certain overhead
required for WSN to keep alive.

Output from the monitoring is presented for
simple visualization in a form of website. Where
data from 1 particular date are shown, examples
of which are presented on Figure 19 (temperature



Figure 18. Photo of the instrumented profile showing
all monitoring elements—convergence bolt, tilt plate,
Geokon crackmeters, geophone, wireless crakmeters and
wireless tiltmeter.
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Figure 19. Output from monitoring on the web for tem-
perature and humidity on 5th March 2009 and 2010.

and humidity for Sth March 2009 and 2010). The
presentation of crackmeters and inclinometers
readings are almost straight lines, hence detailed
analysis per sensor is required and results are
shown on Figure 20 for inclinometer 1011.

The system of WSN proved very reliable in
Prague, even some back analysis presented by
Bennett et al. (2010) indicated that relay motes of
WSN could be spaced even double the distance as
installed now.
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Figure 20. Detailed output for Inclinometer 1011 on
30th October 2008—clear indication of lining rotation as
response to temperature changes.

The GPRS data transfer from Balloon PC seems
to be reasonably reliable and the scheduled fre-
quency data transfer from tunnel to the university
server of 30 minutes is working well. If there is a
connection problem, the data are collected at Bal-
loon and transferred later.

On the monitoring profile 2 the WSN crackm-
eters and inclinometers together with the whole
network were installed in December 2010.

9 CONCLUSIONS

All the mentioned monitoring methods are provid-
ing clear indication of the lining behaviour. It was
indicated what monitoring method is useful for
what type of application. Computer vision methods
are useful for routine maintenance walkovers, laser
scanning for proper geometry determination and
comparison with numerical modelling and to show
long-term creep type of movements in the range of
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centimetres. The other direct methods either con-
ventional or MEMS/WSN based are used for moni-
toring of potentially sensitive and already disturbed
linings with mainly visible cracks, they are very
sensitive but localized. The presented geophysical
method can indicate deterioration of concrete lining
even before any visible signs, therefore this method
is very promising and also we found that have side
effects that are of high interest for metro transport
company in the determination of technical state of
undercarriage axles. And they already proposed
further closer cooperation in this matter.

Wireless sensor networks prove very reliable and
can be used for almost on-line monitoring and if
connected with allowable limits, it can automati-
cally warn the infrastructure owner about potential
problem.
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