
P O S I V A  O Y

Olk i luo to

F I -27160 EURAJOKI ,  F INLAND

Te l +358-2-8372 31

Fax +358-2-8372 3709

Joun i  Saar i

Ant t i  Lak io

January  2009

Work ing  Repor t  2009 -03

Feasibility Study and Technical Proposal for
Seismic Monitoring of Tunnel Boring

Machine in Olkiluoto



January  2009

Base maps: ©National Land Survey, permission 41/MYY/09

Working Reports contain information on work in progress

or pending completion.

The conclusions and viewpoints presented in the report

are those of author(s) and do not necessarily

coincide with those of Posiva.

Joun i  Saar i

Ant t i  Lak io

ÅF-Consu l t  L td

Work ing  Report  2009 -03

Feasibility Study and Technical Proposal for
Seismic Monitoring of Tunnel Boring

Machine in Olkiluoto



Feasibility study and technical proposal for seismic monitoring of tunnel 
boring machine in Olkiluoto  

 

ABSTRACT 
 

In Olkiluoto, Posiva Oy has operated a local seismic network since February 2002. The 

purpose of the microearthquake measurements at Olkiluoto is to improve understanding 

of the structure, behaviour and long term stability of the bedrock. The studies include 

both tectonic and excavation-induced microearthquakes. An additional task of 

monitoring is related to safeguarding of the ONKALO.  

The possibility to excavate an illegal access to the ONKALO, have been concerned 

when the safeguards are discussed. Therefore all recorded explosions in the Olkiluoto 

area and in the ONKALO are located. If a concentration of explosions is observed, the 

origin of that is found out.  Also a concept of hidden illegal explosions, detonated at the 

same time as the real excavation blasts, has been examined.  According to the 

experience gained in Olkiluoto, it can be concluded that, as long the seismic network is 

in operation and the results are analysed by a skilled person, it is practically impossible 

to do illegal excavation by blasts.  

 

In this report a possibility of seismic monitoring of illegal excavation done by tunnel 

boring machine (TBM) has been investigated. Characteristics of the seismic signal 

generated by the raise boring machine are described. According to this study, it can be 

concluded that the generated seismic signal can be detected and the source of the signal 

can be located. However, this task calls for different kind of monitoring system than 

that, which is currently used for monitoring microearthquakes and explosions.  

 

The presented technical proposal for seismic monitoring of TBM in Olkiluoto is capable 

to detect and locate TBM coming outside the ONKALO area about two months before 

it would reach the ONKALO. 

 

Keywords: Seismic monitoring, raise boring, safeguards



Selvitys ja toteutusehdotus seismisten mittausten käytöstä 
tunnelikairauslaitteen havaitsemiseksi Olkiluodossa 
 
TIIVISTELMÄ 
 

Posiva Oy:n paikallinen seisminen asemaverkko aloitti toimintansa vuoden 2004 

helmikuussa. Mikromaanjäristysmittausten avulla pyritään lisäämään tietoa Olkiluodon 

kallioperän rakenteesta, liikkeistä ja stabiilisuudesta. Tutkimuksen kohteena ovat tekto-

niset ja louhinnan indusoimat mikromaanjäristykset. Mittaukset ovat myös osa 

ONKALOn ydinsulkuvalvontaa. 

Ydinsulkuvalvontaan liittyen Olkiluodon alueella ja ONKALOssa tehdyt räjäytykset on 

paikallistettu. Mikäli samaan paikalta on havaittu useampia räjäytyksiä, on niiden alku-

perä selvitetty. Myös ajatus, että laiton räjäytys voitaisiin piilottaa laukaisemalla se 

samanaikaisesti ONKALOn louhintaräjäytyksen kanssa, on tutkittu. Olkiluodon mit-

tauksista saadun kokemuksen perusteella voidaan todeta, että jos seisminen asema-

verkko on toiminnassa ja sen havainnot analysoi ammattitaitoinen henkilö, laiton 

louhinta räjäyttämällä ei ole käytännössä mahdollista. 

Tässä raportissa tutkitaan mahdollisuuksia monitoroida seismisesti laitonta louhintaa, 

joka tehdään tunnelikairauslaitteen avulla. Raportissa kuvataan nousuporauksen synnyt-

tämän seismisen signaalin ominaisuuksia. Tutkimuksen perusteella voidaan todeta, että 

seisminen signaali voidaan havaita ja signaalin lähde voidaan paikallistaa. Tämä kuiten-

kin edellyttää, että käytössä on toisenlainen monitorointijärjestelmä kuin mitä nyt 

käytetään mikromaanjäristysten ja räjäytysten monitoroinnissa. 

 

Raportissa ehdotetaan mittausjärjestelyä, jonka avulla ONKALO-alueen ulkopuolelta 

tuleva tunnelikairauslaite voidaan havaita ja paikantaa noin kaksi kuukautta ennen kuin 

se ehtisi ONKALOon.  

 

Avainsanat: Seisminen monitorointi, nousuporaus, ydinsulkuvalvonta 
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1.  INTRODUCTION 

The possibility to excavate a hidden space close to the ONKALO or an illegal access to 

it, have been concerned when the safeguards are discussed. Normal explosions and 

excavation blasts in the Olkiluoto area are well detected and located by the Posiva’s 

seismic network. The expected sensitivity of the network is ML = -2.5…-2.0 (ML = 

magnitude in local Richter scale) near the ONKALO. Also a concept of hidden illegal 

explosions, detonated at the same time as the real excavation blasts, has been presented.  

According to the experience gained in Olkiluoto, it can be concluded that, as long the 

results are analysed by a skilled person, it is practically impossible to do so. In 

Olkiluoto, there are several examples of identified legal explosions performed close in 

time and space (Saari 2006). The origins of such kind of the events are always checked 

from the daily blast record delivered by the contractor of the ONKALO project. 

Lately, a possibility to use tunnel boring machines (TBM) in purpose to build illegal 

constructions has been presented. The seismic signal generated by the raise boring 

machine is quite different to the signals generated by seismic events. The signal can be 

described as a continuous vibration that seems to start slowly. In traditional seismic 

monitoring that kind of seismic signal is called as seismic noise. The current seismic 

network is designed to reject any kind of seismic noise. It can be temporary (generated 

by traffic, sea waves, wind, human beings or animals close to sensor, etc) or more or 

less continuous (generated by turbines, generators, large pumps, electric power lines, 

TBM, drilling, etc.).  

The Posiva’s seismic network is designed for monitoring excavation induced 

microearthquakes and explosions occurring inside the rock volume surrounding the 

ONKALO (Saari 2003 and 2005). In February 2006, the network was expanded suitable 

for monitoring explosions and tectonic microearthquakes in the Olkiluoto region as well 

(Saari & Lakio 2007b). Monitoring of continuous seismic noise calls for different kind 

of monitoring system. 

Due to the high sampling rate (6000 Hz) used in microearthquake monitoring automatic 

detection of brief seismic signals from the continuous data flow of noise is desirable. 

The field stations monitor continuously, but only signals, which possibly can be related 

to a seismic event, are sent to the central site computer. The recordings which are related 

to the same seismic event are recorded automatically by the software in the field server. 

Those events are then analysed interactively in the office server. 

On 17.-23.5.2006, a ventilation shaft of the ONKALO was constructed. The 

construction method was raise boring, where the boring was done upwards, from the 

level -91 m to the earth surface. The diameter of the drilled hole was 3.5 m. That was 

not recorded by the Posiva’s seismic network. The Institute of Seismology, Helsinki 

University had three triaxial 1 Hz seismometers in the Olkiluoto area in May 2006. The 

data of these stations is stored to removable hard disk drives with a sampling rate of 200 

Hz. One of stations (OL1) was in Olkiluoto and two of them were outside Olkiluoto, 

about 5 km from the ONKALO. At these two stations there were no signs of raise 

boring. However, raise boring was clearly observed in station OL1. The recordings of 

that station were analysed in order to get information about the characteristics of 

generated signal (Saari & Lakio 2007a).  
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The results of this study were preliminary. However, on the basis of the data available it 

was concluded that seismic signal generated by tunnel boring machines can be detected 

and located. The seismic signal generated by raise boring machine was clearly 

distinguishable at the distance of about 500 m, but not at the distance of 5 km. The 

signal represents continuous seismic vibration where amplitudes between frequencies 15 

- 25 Hz were most characteristic.  It should be remembered that frequencies larger than 

35 Hz were filtered away from the recordings of OL1(Saari & Lakio 2007a).  

The frequencies below 1 Hz were not recorded in the Olkiluoto area. Seismometers 

measuring those frequencies are mainly used for monitoring teleseismic events (distance 

to sensor from few hundreds to few thousands of kilometres). The rotation speed of the 

bore was generally 6 round/minute (1 round/10 sec = 0.1 Hz). It was discussed that it is 

possible that seismic signal is generated also in frequencies around 0.1 Hz. If it is so and 

the signal is strong enough, there could be an option to design more suitable monitoring 

system. Lower frequencies of seismic signal tend to attenuate slower than higher 

frequencies, thus they might be recorded from larger distances than the generated 15 – 

25 Hz signal (Saari & Lakio 2007a). 

The recommendations of the study were that it might be reasonable to design a 

monitoring test (Saari & Lakio 2007a). The objectives of the test could be to evaluate:  

(1) In what distances from the raise boring the generated seismic signal can be 

detected? 

(2)  In what distances the orientation of the particle motion is well determined?  

(3) Is there seismic tremor generated by a raise boring machine in frequencies below 

1 Hz and what are the spectral characteristics in that frequency range? 

 

The characteristics of the raise boring signal should be known more in details, before the 

technical design of possible final monitoring system is reasonable. Another crucial 

question is how the analysis of the signal should be done? The above mentioned 

questions of the preliminary report defined the guidelines of the measurements and 

studies performed in 2007 and 2008. 
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2.  PERCEPTIVITY OF RAISE BORING SIGNAL 

2.1  General  

The personnel shaft of the ONKALO was under construction in 2007 and in 2008. The 

construction method was raise boring, where the boring was done upwards. The 

diameter of the drilled hole was 4.5 m i.e. 1 m bigger that the ventilation shaft bored 

during the 2006 measurements.  Figure 2-1 shows the machine that was used to drill 

pilot holes between levels, and to ream the pilot hole to the finished dimension of the 

raise.  

 

Figure 2-1. The raise boring machine at the level -90 m (upper Figure) and the reamer 

at the level -180 m before the raise boring started (lower Figure) in November 2007. 
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Generally the sensors were installed in the sensor vaults of the Posiva’s seismic stations, 

where good conditions and electricity were available. In 2008, when limits of 

measurement sensitivity were examined, two sites were on installed outcrops (FIELD1 

and FIELD2). Number of measurement points was four in 2007 and five in 2008. One of 

the sites OL-OS6 was used in both measurements as a reference site in order to figure 

out the possible changes caused by different equipment (Figure 2-2). 

 

Figure 2-2. Locations of measurement sites (squares) and the personnel shaft bored 

(star). Distance 1 km, 2 km and 3 km from the raise boring is presented by spheres. 

Green titles refer sensor sites in 2007 and red titles in 2008. Site OL-OS6 was used in 

both measurements. 

 

2.2  Monitoring in 2007 

The equipments for measurements were lent from the Institute of seismology, Helsinki 

University. Triaxial 1 Hz sensor (Lennarz: LE-3Dlite MkII, http://www.lennartz-

electronic.de) was recording similar frequencies as the sensor used in 2006. The 

broadband sensor (Nanometrics, Trillium 120P, http://www.nanometrics.ca) was used in 

order to record frequencies below 1 Hz. The sampling rate of the broad band recordings 

(called Mi3 below) and 1 Hz recordings (Mi4) were 200 Hz and 350 Hz, respectively. 

In 2007 the tunnel was constructed from the level -180 m to the level -90 m. The 

measurements were conducted 12.-20.11.2007 when the raise boring of the personnel 

shaft went from the level -180 to the depth of about 145 m (Tables 2-1 and 2-2). Both 

sensors were recording the same signal at the same place. The time schedule, length of 

boring and other descriptive information was found from the contractors site records. 
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Table 2-1. Time schedule of roaming and depth of excavation. Sensor information refers 

to Table 2-2. For example: Mi3/2 is the second measurement by the broad band sensor 

and Mi4/4 the fourth measurement by the 1 Hz sensor. Seismic measurement are 

conducted in UTC time (UTC time = Finnish time – 2 h).  

Date Sensor Mi3 Sensor Mi4 

Drill 

Start 

Drill 

Stop Depth Remarks 

14.11.2007 Mi3/1 Mi4/1 14:05 15:45 -180,00  

15.11.2007 Mi3/1 Mi4/1 4:40 4:50   blast 

 Mi3/1 Mi4/1 5:50 8:00    

 Mi3/1 Mi4/1 9:20 14:10 -179,39  

 Mi3/1 Mi4/1 14:15 15:45    

 Mi3/1 Mi4/1 16:15 19:10 -177,87  

 Mi3/1 Mi4/1 19:15 21:00   blast 

16.11.2007 Mi3/1 Mi4/1 22:15 0:25 -176,35  

 Mi3/1 Mi4/1 0:30 2:00    

 Mi3/1 Mi4/1 4:05 6:30 -174,83  

 Mi3/1 Mi4/1 & 2 6:35 9:20    

 Mi3/2 Mi4/2 9:45 11:25 -173,31  

 Mi3/2 Mi4/2 11:30 14:50   blast 

 Mi3/2 Mi4/2 16:40 17:10 -171,79  

 Mi3/2 Mi4/2 17:15 21:40 -170,27  

17.11.2007 Mi3/2 Mi4/2 21:45 1:55 -168,75  

 Mi3/2 Mi4/2 2:00 3:35    

 Mi3/2 & 3 Mi4/2 &3 7:05 9:30 -167,23  

 Mi3/3 Mi4/3 9:35 13:50 -165,71  

 Mi3/3 Mi4/3 13:55 15:45    

 Mi3/3 Mi4/3 16:15 19:05 -164,19  

 Mi3/3 Mi4/3 19:10 23:40 -162,67  

18.11.2007 Mi3/3 Mi4/3 23:45 3:45    

 Mi3/3 Mi4/3 4:00 5:00 -161,15  

 Mi3/3 & 4 Mi4/3 & 4 5:05 10:05 -159,63  

 Mi3/4 Mi4/4 10:30 15:10 -158,11  

 Mi3/4 Mi4/4 15:15 15:45    

 Mi3/4 Mi4/4 15:55 19:50   blast+loading 

 Mi3/4 Mi4/4 23:25 0:00 -156,59  

19.11.2007 Mi3/4 Mi4/4 0:05 3:40   blast 

 Mi3/4 Mi4/4 4:55 5:40 -155,07  

 Mi3/4 & 5 Mi4/4 & 5 5:45 9:30    

 Mi3/5 Mi4/5 11:00 12:15 -153,55  

 Mi3/5 Mi4/5 12:20 16:25 -152,03  

 Mi3/5 Mi4/5 16:30 21:30 -150,51  

20.11.2007 Mi3/5 Mi4/5 21:35 1:00 -148,99  

 Mi3/5 Mi4/5 1:05 1:35   blast 

 Mi3/5 & 6 Mi4/5 & 6 4:05 7:05 -147,47  

 Mi3/6 Mi4/6 7:10 9:20    

 Mi3/6 Mi4/6 9:30 11:05 -145,95  
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 Table 2-2. Time schedule and location of monitoring. Mi3 = broad band seismometer. 

Mi4 = 1 Hz seismometer. 

 

On the basis of the measurements of 2006, it was known that the raise boring signal 

would be clearly distinguishable at distances below 500 m but not above 5 km. The sites 

OL-OS8, OL-OS9 and OL-OS11 were selected in order to approximate attenuation of 

the raise boring signal and the maximum distance, where raise boring could be detected. 

OL-OS6 was meant to be the site where the characteristics of the new TBM could be 

recorded for certain. The distances from seismic source to the sites were: OL-OS6 = 370 

m, OL-OS8 = 735 m, OL-OS9 = 2700 m and OL-OS11 = 5200 m. Another objective of 

the measurements in 2007 was to compare recordings of 1 Hz and broadband 

geophones, i.e. to find out the most suitable sensor type for TBM monitoring.  

In 2006, the software package called geotool (Coyne and Henson 2006) was used in the 

analysis of the recordings. The software was available in the Institute of Seismology 

where they also had tools to convert the recorded data to the format suitable for Geotool. 

In this study a free and more suitable software package called Seismic Handler 

(http://www.szgrf.bgr.de/sh-doc/index.html) was applied. This software can analyse 

directly the recorded data that is in miniSEED format. There is no need for time 

consuming data processing before the analysis. In Addition, unlike Geotool seismic 

Handler is available also for other than academic institutes. 

It appeared that the signal was not shown in the recordings of the two furthermost 

stations. However, in stations Ol-OS6 and OL-OS8 the signal was clear in both of the 

sensors. The analysis of the 2007 data is based on recordings of those stations. Figure 2-

3 shows a view down to the sensor vault at Posiva’s station OL-OS8. 

Broad band geophones used in this study are suitable for monitoring seismic signals 

between frequencies 0.01 – 10 Hz typical when larger teleseismic, regional and local 

earthquakes are concerned. Small local and regional earthquakes are characterised by 

frequencies above 1 Hz. Smaller frequencies are damped by 1 Hz geophones, because 

they are generally dominated by natural noise usually generated by sea waves. The 

Measurement Start date Start time End date End time Location Sensor 

Mi3/1 12.11.2007 11:07 16.11.2007 8:18 OL-OS9 Mi3 

Mi3/2 16.11.2007 10:19 17.11.2007 7:05 OL-OS8 Mi3 

Mi3/3 17.11.2007 8:39 18.11.2007 7:04 OL-OS11 Mi3 

Mi3/4 18.11.2007 8:45 19.11.2007 7:52 OL-OS9 Mi3 

Mi3/5 19.11.2007 9:43 20.11.2007 5:10 OL-OS8 Mi3 

Mi3/6 20.11.2007 6:27 20.11.2007 10:16 OL-OS6 Mi3 

Measurement Start date Start time End date End time Location Sensor 

Mi4/1 12.11.2007 11:07 16.11.2007 7:00 OL-OS9 Mi4 

Mi4/2 16.11.2007 8:53 17.11.2007 7:01 OL-OS8 Mi4 

Mi4/3 17.11.2007 8:33 18.11.2007 6:58 OL-OS11 Mi4 

Mi4/4 18.11.2007 8:44 19.11.2007 7:48 OL-OS9 Mi4 

Mi4/5 19.11.2007 9:46 20.11.2007 5:07 OL-OS8 Mi4 

Mi4/6 20.11.2007 6:26 20.11.2007 10:15 OL-OS6 Mi4 

http://www.szgrf.bgr.de/sh-doc/index.html
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purpose of broad band recordings was to evaluate, if there is seismic tremor generated 

by a raise boring machine in frequencies below 1 Hz. 

 

 

Figure 2-3. Instruments in sensor vault of Posiva’s seismic station OL-OS8. Raise 

boring measurements: a) Broad band geophone and b) 1 Hz geophone. Posiva’s seismic 

network: c) 1 Hz sensor and d) accelerometer. All sensors are triaxial. 

 

 

Figure 2-4 shows typical recordings of both sensors recorded in OL-OS8. Periods of 

higher constant amplitudes represent raise boring and breaks are seen as intervals of 

lower amplitude. During raise boring the amplitudes seem to be 2-4 times larger than 

during breaks, except in the vertical component of the broad band sensor, where the 

amplitudes are nearly constant. A round blasted on 20.11.2007 at 02:27 o’clock is 

clearly seen in both recording. The other spikes in 1 Hz recordings are due to component 

failures. 

 Spectral characteristics of broad band and 1 Hz geophones at two different sites are 

compared in Figures 2-5 and 2-6.  Figures show typical spectral characteristics of raise 

boring and natural seismic noise. The higher amplitudes of raise boring in frequency 

range above 15 Hz are evident in each of the spectra. As remarkable is to find out that, 

in broad band recordings, there is not any evidence of generated low frequencies. That 

explains why vibrations are not recorded in measurements conducted 2700 and 5100 

meters away of the raise boring. Higher frequencies attenuate faster than low 

frequencies.  
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Figure 2-4. Ten hours of unfiltered recordings at the site OL-OS8 on 19.11.2007 at 19 

o’clock.  Vibration caused by raise boring is clearly seen in all three components (E, N, 

and Z) of the 1 Hz sensor. In unfiltered broad band recordings the difference is not so 

obvious in Z component.  Breaks are seen as periods of lower amplitude. 
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Figure 2-5. Comparison of spectral characteristics of broad band and 1 Hz geophones. 

Recordings of raise boring (20.11.2007 at 9:45 clock) and noise before that at site OL-

OS6 (distance about 340 m).   
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When the unfiltered recordings are concerned, the 1 Hz sensors seem to give better 

signal to noise ration than broad band sensors (Figure 2-4). When frequencies higher 

than 2 Hz are filtered out the signal to noise ration is good also all components of the 

broad band recordings (Figure 2-6).  Recording of 1 Hz sensors give rather immediate 

evidence of ongoing raise boring whereas similar signal to noise ratio of broad band 

recordings calls for filtering i.e. one additional step in data processing. 

The recorded frequency range is quite similar to that recorded in 2006 when the 

diameter of drilled hole was smaller. However, it cannot be ruled out that the recorded 

signal represents signals generated by all kind of tunnel boring machines. In that sense, a 

combination of 1 Hz and broad band sensor seems to be reasonable. 

 

 
Figure 2-6. Ten hours of filtered broad band recordings at the site OL-OS8 on 

19.11.2007 at 19 o’clock.  Vibration caused by raise boring is clearly seen in all three 

components (See also Figure 2-4). Breaks are seen as periods of lower amplitude. 

 

 

2.3  Monitoring in 2008 

In 2008 the measurements were conducted 1.-5.12.2008 when the raise boring of the 

personnel shaft went from the level -260 m to the depth of about 230 m. That was the 

beginning of the boring from the level -290 m to the level -180 m. 

Monitoring in 2008 had two objectives: 1) to get better understanding about the 

attenuation of the raise boring signal and 2) utilising the existing technology of the 

Posiva’s seismic network. Data acquisition was done by the Geophysical Seismometer 

(GS, see http://www.issi.co.za/Y27/prod27/seismometers.htm). The sensor was similar 

to the triaxial sensors (Mark LC4-3D Geophone, Natural frequency = 1.0 Hz) that are 

used for monitoring the semi-regional seismicity in the Olkiluoto area. 

http://www.issi.co.za/Y27/prod27/seismometers.htm
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The benefits of compatible technology network are practical. Same software can be used 

in both networks. Because the network designed for monitoring tunnel boring is 

recording continuously, that can also support the existing system that is recording only 

events. For example, if local people inform about unknown tremor in the area it is not 

necessary recorded by the seismic network. Event is recorded only if more than three 

stations have detected a seismic event. Also the seismic station of the Institute of 

Seismology in Laitila may record something interesting that may need verification from 

other station. The continuous recordings have not rejected anything, i.e. any time of day 

can be later analysed if necessary. 

Locations of the sites used in measurements are displayed in Figure 2-2. Time schedules 

of measurements and tunnel boring are presented in Table 2-3. 

 

Figure 2-7. Triaxial 1 Hz geophone on the outcrop (FIELD1 in Figure 2-2) as well as 

data acquisition unit (GS) and UPS (Uninterrupted Power Supply) unit installed in the 

protective plywood casing. View inside the casing is in the lower left corner of figure. 

 

The data of the removable GS station was stored to USB memory stick with a sampling 

rate of 500 Hz. The memory capacity of the stick (32 GB) was large enough to store 
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over two months of continuous data with that sampling rate. The recorded data were 

copied from the USB stick to the memory of a laptop PC after each period of 

measurement. Few minutes long samples were emailed daily to Myyrmäki, where the 

quality of data was instantly verified by the software Seismic Handler. The complete 

data set was copied and analysed after measurements. 

On the basis of the measurements of 2007, it was known that the raise boring signal 

would be clearly distinguishable at distances below 750 m but not above 2.7 km. The 

new sites were selected in order to approximate attenuation of the raise boring signal 

and the maximum distance, where raise boring could be detected. OL-OS6 was meant to 

be the reference site. The distances from seismic source to the sites were: OL-OS6 = 

370 m, OL-OS2 = 900 m, OL-OS1 = 910 m, FIELD1 = 1475 m and FIELD2= 1760 m. 

Because a seismometer vault was not available at distance range 1-2.5 km, two of the 

sites (FIELD 1 and FIELD 2) were on outcrops (Figures 2-2 and 2-7). 

 

Table 2-3. Time schedules of measurements, roaming and depth of excavation.  
 

Date Sensor Site 

Drill 

Start 

Drill 

Stop Depth Remarks 

1.12.2008 FIELD1 7:05 9:30 -258,52  

 FIELD1 9:35 11:50 -257,02  

 FIELD1 / OL-OS2 12:10 14:30 -255,52  

 OL-OS2 14:35 16:20  Shift change 

 OL-OS2 16:50 17:20 -254,02  

 OL-OS2 17:30 19:50 -252,52  

3.12.2008 OL-OS1 5:30 5:50  TBM failure > 30 hours 

 OL.OS1 8:30 11:05 -251,02  

 OL-OS1 / FIELD2 12:20 15:00 -249,52  

 FIELD2 15:15 16:45  Shift change 

 FIELD2 17:10 18:40 -248,02  

 FIELD2 18:55 21:20 -246,52  

 FIELD2 21:30 0:00 -245,02  

4.12.2008 FIELD2 0:10 2:50 -243,52  

 FIELD2 2:55 4:45  break 

 FIELD2 5:10 6:10 -242,02  

 FIELD2/OL-OS6 6:25 9:15  break 

 OL-OS6 12:15 12:25 -240,52  

 OL-OS6 12:40 14:50  TBM operation failure 

 OL-OS6 18:35 19:40 -239,02  

. OL-OS6 19:50 22:20 -237,52  

5.12.2008 OL-OS6 22:30 1:00 -236,02  

 OL-OS6 1:30 4:10 -234,52  

 OL-OS6 4:20 4:45  break 

 OL-OS6 5:15 7:35 -233,02 TBM in service 

 OL-OS6 9:10 11:50 -231,52  

 OL-OS6 12:25 15:10 -230,02  

 OL-OS6 15:30 16:45  Shift change 

 OL-OS6 17:15 18:45 -228,52  

 OL-OS6 18:55 21:30 -227,02  
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Official time schedule of roaming was given about two weeks after measurements. 

During the measurements information was rather occasional. On 2.12.2008 it was told 

that raise boring was cancelled for operation failure sometime on 1.12.2008. It was 

reasons to be afraid that measurements of the first two days contain just background 

noise and not any TBM signal. Therefore, it was decided to add site OL-OS1 in the 

program. The site is nearly at the same distance (c. 900 m), but it is in slightly different 

direction that the site OL-OS2. The aim was to ensure recording from that distance and 

to see, if we can see differences in signal caused by the azimuth change. Later it 

appeared that most of the recordings at site OL-OS2 and all at site OL-OS6 were 

useless, due to the TBM operation failure 1.-3.12.2008. 

Seismic signal generated by TBM was distinguishable all the sites measured in 2008. 

However, in the two most distant sites (FIELD1 1475 m and FIELD2= 1760 m) the 

signal was not strong enough that it could be suitable for routine monitoring.  In spite of 

the greater depth, at site OL-OS6 the signal was as clear as in 2007.  

Stations OL-OS1 and OL-OS2 are close to the limit of reasonable monitoring distance. 

Figure 2-8 shows about six hours and 30 minutes long recording from the site OL-OS2. 

Vibration caused by raise boring is rather clear in all three components (E, N, and Z) of 

the triaxial sensor. When frequencies smaller than 15 Hz and larger than 40 Hz are 

filtered out, this is more obvious. Filtering improves specially the quality of vertical 

component, where unfiltered amplitudes of raise boring are not so distinguishable at 

distance of 900 m. 

The improvement gained by filtering can be explained by the spectral characteristics of 

the signal (see Figure 2-9). The recordings are contaminated by strong 50 Hz electronic 

noise that is rather common especially in field conditions, where isolation of cables is 

difficult. It should me noted, that the noise is strong relative to the recorded amplitude, 

and i.e. at lower distances the electronic noise would be less disturbing. The above 

mentioned 50 Hz noise is as clearly present in the spectrogram as well.  

Reason for the other peak at 65 Hz is somewhat uncertain. It is present during the boring 

and after it. Unlike the 50 Hz noise, it is stronger when the boring is going on. That 

gives an impression that the peak is not necessarily real, but generated by the spectral 

calculation routines of the software Seismic Handler applied in this study. The most 

reliable frequencies to distinguish raise boring signal seem to be between 15 and 40 Hz 

(see circle in Figure 2-9). 
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Figure 2-8. Six hours and 30 minutes of recordings at the site OL-OS2 on 1.1.2.2008 at 

14 o’clock.  Unfiltered seismograms are above and band pass filtered (15-40 Hz) below. 

Breaks are seen as periods of lower amplitude. 
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Figure 2-9. Seismic signal characteristics of raise boring and background noise in site 

OL-OS2. Above: Spectra of windows shown in Figure 2-8. Below: 15 minutes of 

spectrogram over the last end phase of raise boring in Figure 2-8. 
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3.  POLARISATION OF GENERATED PARTICLE MOTION  

The wave motion for actual seismic motions can be presented as particle motion 

recorded on 3-component seismograms. In 2006, particle motion diagrams were 

examined in order to see the azimuth and the angle of incidence of the seismic motion 

generated by raise boring machines (Saari & Lakio 2007a). It was concluded that the 

angle of incidence could not be estimated in the diagrams. The true angle (10 degrees or 

less relative to horizontal) was maybe too small or the particle motion was too 

complicated. However, the azimuth of the seismic wave was rather clear when the raise 

boring machine was in greater depths (See Figure 3-1). 

 

Figure 3-1 shows particle motion diagrams generated by the raise boring machine at the 

depth of 90 m, 45 m and 10 m in 2006. The true azimuth is about 135
o
. At depth of 90 

m the NW-SE orientation in the particle motion diagram is clear. Also at depth of 45 m 

the true orientation can be seen, but close to the surface the bedrock is so fractured and 

the seismic signal so complex that the azimuth cannot be estimated. 

 

 
 

Figure 3-1. Particle motion diagrams for selected depths of raise boring generated by 

software Geotool. True azimuth is 135
o
. Each sample is based on 30 seconds of triaxial 

recordings. North is upwards and East to the right (Saari & Lakio 2007a). 

 

Results of the measurement conducted in 2007 and 2008 are either less clear or in 

conflict with the results of 2006. Figure 3-2 shows particle motion of 17.5.2006 from 

the depth of 90 (Figure 3-1 left) when it is generated by software Seismic Handler. The 

result is quite similar, i.e. the conflict is not caused by the software applied. 
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Figure 3-2. Comparison of particle motion generated by Seismic Handler (above) and 

Geotool (Figure 3-1 left). Arrow points from the source of the raise boring signal. 

Distance 540 m and depth 90 m. 

 

Figure 3-3 shows examples of particle motions from different sites, instruments and 

depths. The first row is recorded from OL-OS6. Polarization of particle motion is either 

missing (a), unclear (b) or clear but perpendicular to the azimuth of incidence. As in the 

first row, the two first diagrams of the second row show simultaneous recordings of 

broad band sensor and 1 Hz sensor.  This time the broadband sensor (d) gives more 

polarized pattern than the short period sensor (e) does. The last diagram is from OL-

OS2, which is 900 m away from the TBM. Again the pattern is slightly polarized 

perpendicular to the angle of incidence. 

 

 
Figure 3-3. Particle motion diagrams for different sites, instruments and depths. 

Recordings of a) and b) as well as d) and e) are done simultaneously at the same sites in 

2007. a) Broadband sensor, OL-OS6; b) 1 Hz sensor, OL-OS6; c) 1 Hz sensor, OL-OS6;  

d) Broadband sensor, OL-OS8; e) 1 Hz sensor, OL-OS8 and f) 1 Hz sensor, OL-OS2. 

The recordings for diagrams in the right column (c and f) are done in 2008. Arrow 

points from the source of the raise boring signal. 
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As concluded after the first measurements (Saari & Lakio 2007a), the polarisation 

pattern seems to be more clear when the angle of incidence is larger. However, on the 

basis of the current knowledge, it seems that polarisation of raise boring signal can be 

either towards the azimuth of the seismic wave or perpendicular to it. It looks like 

different tunnel boring machines or different circumstances may generate different kind 

of signal. Another explanation is that there are so much disturbing sources of artificial 

seismic noise in Olkiluoto (turbines, pumps, generators, etc.) that the analysis of raise 

boring signals is often unreliable. 
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4.   SUMMARY 

4.1  General 

Seismic signal generated by raise boring machines was monitored in Olkiluoto 2006-

2008. The preliminary report of the 2006 recordings (Saari & Lakio 2007a) defined the 

guidelines of the measurements and studies performed in 2007 and 2008. This report 

summarizes all those three measurements. 

 Different types of continuously recording triaxial seismic stations were operating in the 

Olkiluoto area. Seismograms of those stations were analysed in order to characterise the 

signal generated by TBM. The results of this study indicate that seismic signal generated 

by TBM can be detected and the location of the source of the signal can be 

approximated in more or less accurate level. 

The seismic signal generated by raise boring machine was clearly distinguishable at the 

distance of less than about 750 m, but not at the distances larger than 2.5 km. Within the 

distance range from 1 to 1.5 km the signal is distinguishable, but not strong enough that 

it could be used accurately in routine monitoring of TBM.  

The average speed of tunnel boring in 2006 was about 15 m/day. In 2007 and 2008 the 

average speed was about 10 m/day, maybe because 2007-2008 the excavated tunnel and 

the depths were larger and rock was less fractured than 2006.  However, if the distance 

to observe clear raise boring signal is about 750 m, there is at least 50 – 75 days time to 

identify and locate the TBM possibly coming outside the ONKALO area. Seismometers 

surrounding the ONKALO with some distance, give even more time to the safeguards of 

nuclear materials to react to illegal access. 

 TBM performance world records (http://www.robbinstbm.com/news/month_avg.shtml) 

give a conservative estimate for reaction time against illegal access by a TBM. When 

the machine diameter is 3-7 m, i.e. of the same size as in ONKALO, the highest 

monthly average speeds are from 1.1 km/month to 1.4 km/month. Records of larger 

tunnel boring cutter heads (diameter 7-10 m) were 700 – 900 m/moths. Even these 

values, which are very likely from softer rocks than in Olkiluoto, give about one month 

time to react. Although world records are not expected during illegal tunnel construction 

works in hard rock, future development of technologies should be followed. Also 

possibility to use a smaller (diameter less than 3 m) TBM than mentioned above cannot 

be completely disregarded. 

The best frequencies to detect raise boring signal seem to be between 15 and 40 Hz. 

Indications of generated signal at higher frequencies are less certain and they attenuate 

rather fast. Frequencies of the order of 50 Hz are often contaminated by electronic noise. 

Lower frequencies of seismic signal tend to attenuate slower than higher frequencies. 

According to the broad band measurements conducted in 2007, frequencies below 1 Hz 

are weak or not generated by the TBM.  

The above information about the frequency content of the raise boring signal can be 

used when the sampling rate of future monitoring is determined. Sampling rate of 250 

Hz would be large enough for spectral analysis. That would also double the storage 

capacity of the USB stick and PC relative to the sampling rate of 500 Hz that was used 

http://www.robbinstbm.com/news/month_avg.shtml


  21      

 

in 2008. Recordings of lower sampling rate would also need less time for processing 

and analysis. 

Comparison of recorded amplitudes of raise boring signals gives an estimate of the 

azimuth of incidence, when the location of the boring machine is approximated. Closer 

sensors record larger amplitudes. Additional information can be achieved when particle 

motion diagrams can be utilised. The diagrams show the azimuth of the seismic signal 

and the opposite direction. It seems that polarisation of raise boring signal can be either 

towards the azimuth of the seismic wave or perpendicular to it. The geographical 

coordinates of the boring machine can be defined when at least three seismic station 

record the same source. However, polarisation of the signal is often not clear.  

Comparison of day time and nigh time seismograms shows some discrepancies. 

Intervals of increased noise, typical in day time, are seen as increased amplitudes in 

higher frequencies (above 25 Hz). However, continuous noise generated by raise boring 

was clearly seen regardless the time of day. In seismograms the amplitudes were higher 

than in general and in spectrograms increased amplitude in frequency range remained 

clear.  

 

4.2  Recommendations 

A seismic network of four seismometers would offer accurate perceptivity inside the 

ONKALO area and in all directions close to it. The network geometry should be 

designed so that all stations are 1.5 km or less from each other. That kind of 

configuration is dense enough and gives time to react illegal access of TBM coming 

outside the ONKALO. Network geometry presented in Figure 4-1 cover the ONKALO 

area and makes it possible to detect and locate the tunnel boring machine in time. In 

addition, an operation failure of one station would not interrupt the continuous 

monitoring.  

Monitoring could be based on mainly similar technology as in 2008 utilized in the 

Posiva’s microseismic network already. Also the existing infrastructure (seismometer 

vaults and equipment cabins) should be used as much as possible. The benefits of 

compatible technology network are practical. The network designed for monitoring 

tunnel boring is recording continuously, which supports the existing system that is 

recording only events. Same software can be used in both networks.  

Data acquisition could be based on the GS unit. Suitable sampling rate is 250 Hz. The 

sensors outside the ONKALO area (Sites 2-4) could be similar to the triaxial 1Hz 

sensors that are used for monitoring the semi-regional seismicity in the Olkiluoto area. 

They are cheaper than broadband sensors and there is no need to include filtering to data 

processing. One of the sensors (Site 1) could be broad band sensor. Analysis of that 

station would be more time consuming, but it gives opportunity to monitor if something 

unexpected appears to low frequency range of seismic tremors. This type of sensor 

would also import new type of information about semi-regional seismicity in the 

Olkiluoto area. 
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Figure 4-1. Schematic presentation of a seismic network for monitoring seismic signal 

generated by TBM.  Distance between seismic stations 1.5 km or less. Arrows show 

possible orientation of polarised signal (blue is parallel and red perpendicular to the 

azimuth of incidence. Size of arrow describes the amplitude of raise boring signal at 

that site. 

 

Another crucial question is how the analysis of the signal should be done? The final data 

processing technique should be economically and technically efficient. In the beginning 

the analysis should be interactive but later some of the processing steps could be more 

or less automatic. It is suggested that USB sticks are analysed weekly. The procedure 

could be: 

1) Analysis of one day’s recordings of one station. That would include 

visual examination of continuous data. 

2) Each day a different station is analysed. The station could be selected 

randomly or rotating one by one e.g. Site1, Site2, etc. 

3) If an indication of TBM is found, simultaneous recordings other stations 

are examined. That would include also spectral analysis. 

4) Location of TBM is approximated by comparing the amplitudes of the 

signal (see Figure 4-1). 

5) Particle motion of each recording should be analysed in order to find the 

source of those frequencies. For example, in Figure 4-1 it is possible to 
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approximate the location of TBM regardless of the orientation (parallel 

or perpendicular) of the polarisation pattern. It is expected that the 

polarisation of the raise boring signal remains the same. 

6) Individual/individuals in charge of safeguards of nuclear materials will 

be informed during steps 3-5.  

7) Observations of the microseismic monitoring reported in the monthly and 

annual reports. The results of the monthly reports are edited to the 

interim safeguard reports by Posiva. The monthly and annual reports 

include also descriptions of technical events, like changes in the 

configuration of the seismic network, technical failures occurred, etc.. 

Monitoring of continuous seismic vibrations could be possibly included 

to those reports. 
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