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Microseismic monitoring and early warning of geohazards along railway lines in 
Norway 

Mesure des séismes microscopiques et système de prévention du risque géologique pour le réseau 
ferroviaire en Norvège 

R. Cleave1, F. Myrvoll 
Norwegian Geotechnical Institute 

R. Nålsund 
Norwegian National Rail Administration 

ABSTRACT 
A section of Norway's northern railway network has for the last four years been used as a pilot site for a microseismic monitoring and
early warning system. The 500 metre long section is vulnerable to ice and rock falls, and the early warning system has been designed
to distinguish between passing trains, maintenance vehicles, low energy rock falls, electrical noise, and ice and rock falls of different
categories. These categories correlate with the mass and position of the slide, based on data from both controlled and natural events. If
a high energy ice or rock fall is recognised the train operator is warned. This work presents this test site as a case study, and examines
several techniques that have been applied in recognising potentially harmful rock falls. These techniques include among others Page-
Hinkley stopping rules, velocity mapping and time shifting, and analysis of spectral signatures. The practical challenges involved in
implementing and maintaining such an early warning system are also discussed. The techniques examined here are assessed in terms
of their applicability to other sites and other natural hazards. 

RÉSUMÉ
Depuis quatre ans, une section du réseau ferroviaire du Nord a joué un rôle pilote dans le domaine des sytèmes de prévention et de 
mesure des séismes microscopiques. Les 500 mètres de longueur de la section mesurée est sollicitée par des chutes de glace et de pier-
res. Le système de prévention a été conçu pour discerner les trains usuels des véhicules de maintenance, des chutes de pierre de basse
énergie, des courants vagabonds, des chutes de glace ou de pierres. Ces catégories sont correlées avec la masse et la position du glis-
sement en fonction des données des évènements coutrôlés ou naturels. Si un haut niveau d'énergie, dû à une chutte de glace ou de
pierre, est détécté, le conducteur de train est alarmé. Le rapport présente cette zone de test en tant qu'étude de cas et examine différen-
tes techniques pour la reconnaissance des dégâts potentiels liés aux chutes de pierres. Les techniques incluent également d'autres ap-
proches, telles que les règles de blocage de Page-Hinkley, les techniques de cartographie et de d'écalage temporel et l'analyse spectrale 
de signaux. Le défit pratique lié au developpement et à la maintenance d'un tel système de prévention est également discuté. Les tech-
niques présentées sont transposées à d'autres sites et d'autres phénomènes naturels afin d'en mesurer leur applicabilité. 
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1 INTRODUCTION 

A 500m long section of railway line in northern Norway was 
chosen in 2003 to be a pilot site for the development of a mod-
ern warning system. The site is exposed to ice and rock falls, 
and the new warning system was designed to replace the exist-
ing electrified fence warning system. A microseismic design us-
ing subterraneous geophones was chosen, with a line of geo-
phones placed along the uphill side of the track. The warning 
system has up to now been in operation continuously without 
down time for 5 years (2004-2008). 

The electrified fence that comprised the existing warning sys-
tem worked by the debris of the slide physically breaking wires 
that were part of a circuit which was in turn connected to a stop 
light outside the prone area. This system was costly to maintain, 
as maintenance personnel were required to travel to the site and 
repair the fence in order for the warning system to be operational 
again. During larger ice and rock falls the amount of damage to 
the fence could be large, requiring longer repairs. 

While the electrified fence worked well it was not 100% fail 
safe: a large single rock could bounce through the fence without 
hitting one of the electrified wires, while a smaller rock could 
directly hit one of these wires and cause an unnecessary warn-
ing. Also, slides that triggered the fence would often also be 

stopped by the fence, making it impossible to assess whether the 
slide was actually dangerous to railway traffic. 

The microseismic system is depicted as installed in Figure 1. 
The geophone array consists of 24 vertical geophones spaced at 
20m intervals. Each geophone is cast into the track substrate us-
ing concrete and connected to a custom built geophone cable. All 
geophones and cabling are underground. The lead-in of the geo-
phone cable is routed under the track itself and into a seismic data 
acquisition system situated in a nearby kiosk. The acquisition sys-
tem communicates via the cellular phone network to a base sta-
tion. This single line layout was chosen because it is implement-
able along any normal railway, covers a large distance with a 
modest number of geophones, and costs relatively little to install. 

2 HAZARD 

The site is vulnerable to ice slides in winter and early spring, 
with certain areas within the total 500 m more regularly af-
fected. Rock falls are an issue in late spring and early summer, 
with no specific “high risk” areas. As this is only a pilot site and 
the aim is to produce a warning system that can be installed at 
various locations, no account has been made of the changing 
vulnerability along the track. 
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Figure 1: Overview of the warning system 

3 DATA ACQUISITION 

The main components of the acquisition system are the geofone 
array, a 24-bit GEODE seismic logger and an industrial PC. The 
geophone cable is a custom built cable into which are tethered 
standard SM6 geophones. The geophones are vertically cast in 
concrete to attain good coupling to the surrounding track sub-
strate. A small headless industrial PC controls the GEODE log-
ger and analyses incoming data sets. A separate wireless router 
allows communication with the outside world and SMS based 
warning. The system is supplied by mains AC power but has a 
battery based UPS. 

4 EVENT RECOGNITION 

While the geophone array is more protected from physical dam-
age during ice and rock falls it is prone to a greater variety of 
signals than the electrified fence. The signals that are caused by 
events other than rock and ice falls must be recognised as such. 
Furthermore, the system must recognise ice and rock fall events 
that do not have enough energy and/or mass to compromise 
train safety. All of these events are classified as “non-warnable” 
events. Slides that have the potential to either damage the track 
or to leave debris on the track that is large enough to cause de-
railment or damage are termed “warnable” events. If we define 
a decision by the warning system to be true if it correctly recog-
nises an event, and false otherwise, we have the standard four 
possible combinations of a binary warning system (Table 1). 

Table 1: Assessing a binary warning system. The four categories of a 
event recognition are True Positive (TP), True Negative (TN), False 
Positive (FP) and False Negative (FN). 

Reality 

Event 
Not 

event 

Event TP FP Warning system 
decision 

Not event FN TN 

We can assess the effectiveness of the warning system using 
the Positive Predictive Value (PPV) and Negative Predictive 
Value (NPV): 

PPV = nTP/(nTP + nFP)         (1)

NPV = nTN/(nTN + nFN)          (2)

The PPV is then the ratio of correctly recognised warnable 
events versus the actual number of warnable slides, while the 
NPV is a ratio of correctly recognised non-warnable events ver-
sus the actual number of non-warnable events. These metrics 
are however only as good as the input data, and it can some-
times be difficult to categorically distinguish non-warnable 
from warnable ones. 

4.1 Typical signals 

In a warning system such as this there are many different events 
that can trigger the system. These can be separated into seismic 
events, which comprise all events caused by real vibrations, and 
electrical events, which comprise recordings that are triggered 
by electrical interference. 

The most obvious and frequent non-warnable seismic event 
is passing trains. Two example recordings are shown in Figures 
2 and 3. For the section of railway line in question there are 
several freight trains, several passenger trains, and a variable 
number of maintenance vehicles each day. Passenger trains pass 
at fairly consistent times, however freight trains can pass up to 
thirty minutes before or after schedule.  Other seismic events 
such as non-tracked maintenance vehicles, maintenance person-
nel and seismic signals from outside the area also cause un-
wanted triggers. 

Figure 2: Typical signal from a passing passenger train. 
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Figure 3: Typical signal from a maintenance wagon. 

The final source of unwanted triggering in the system is elec-
trical noise. While the cause of electrical interference will vary 
from site to site, the resulting signals almost always have dis-
tinctly different characteristics to seismic signals. Falling ice 
and rocks are events that cause quite different signals to trains, 
but have similarities to events such as maintenance activity. 
Figure 4 shows the signal from a large rock falling down the 
slope. 

4.2 Algorithms 

Figure 5 shows the data flow within the logging system. The 24 
channels are continually monitored and a trigger occurs if the 
ratio between short and long time averages (STA/LTA) exceeds 
a threshold value for four or more channels. Data is then re-
corded for 24 seconds, and the resulting data file analysed by 
the “sieve-like” filter of Figure 5. 

4.2.1 Page-hinkley algorithm 
Many edge detectors and stopping rules were considered for 
finding the onset of the impacts from rocks as they slid down 
the track (Basseville and Nikiforov, 1993). One algorithm that 
gave good and robust performance and was implementable us-
ing the computational resources available was the Page-Hinkley 
stopping rule (Hinkley, 1971). This is a recursive cumulative-
sum algorithm that is applied individually to each geophone 
signal. 

Here y(k) is the k-th sample of the geophone signal and g(k)
is the corresponding value of the stopping rule. The other two 
parameters are adjustable depending on the signal and expected 
event: 0 is the RMS signal noise, and vM the expected “jump 
size”. The running minimum of g(k) is saved and compared 
with the current value. Once this difference g(k) exceeds a 
threshold (often the same value as vM) an alarm for this channel 
is made and the running minimum reset to the current value. 
This allows for several alarms throughout time for each channel. 

For the train algorithm and each of the slide algorithms the 
values of 0 are the same but the values of vM differ. This is es-
sentially because the size of the expected jump in the stopping 
rule increases with the size of the expected slides, and is very 
large for trains. 

The train algorithm differs further from the other algorithms 
in that only the first alarm from each channel is used. The off-
sets in time of these alarms are then converted to an “inter-
geophone” speed. This is shown for a passenger train in Figure 
6. If this inter-geophone speed is similar for a number of geo-
phones, and comparable to passing train speeds, then the system 
decides that the event is a train. 

The slide algorithms compare alarm times along the length 
of the array, and if alarms were thrown for five or more 
neighbouring geophones at the same time then the system de-
cides that the event is a slide. This is depicted in Figure 7. 

Several other methods were tried prior to choosing the Page-
Hinkley method, including analysis of the signal energy and 
frequency content. While some showed promise the method de-
scribed above produced equal or better results and required rela-
tively low computational effort. 

Figure 4: A large rock falling down the slope. Note that this signal has 
been windowed in time and each channel normalised. 

Figure 5: An overview of the dataflow within the warning system. 

Figure 6: Comparing the delay between neighbouring geophone alarms 
with train speed. 
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Figure 7: The alarms produced by the large rock slide algorithm, for the 
large rock shown in Figure 4. The green dots indicate individual alarms 
on each channel, and the height of each red bar indicates how many 
neighbouring alarms were thrown at the same time. 

5 RESULTS 

For the first years after installation (2004-2007) the system was 
used as a monitoring system only, and all events were recorded 
for use as test data. During 2005 a test of controlled rock falls 
was made to gain more rock fall events, and this provided the 
initial data set for optimising the parameters of the three slide 
algorithms. While this data set was useful, it only comprised 
two large rock falls, two medium falls and four small falls. In 
addition to this there were several natural slides, and many 
trains and other events to check the algorithms. 

5.1 Metrics 

To assess the performance of the warning algorithm shown in 
Figure 5 the data from the three year period between 2005 and 
2007 has been analysed. The decisions are shown in Table 2, 
and to provide a check of the system an evaluation of the data 
has been made based on human appraisal of the time domain 
traces and signal energies. 

Table 2: Metrics describing the performance of the warning system. 

  Human assessment 

Algorithm decision Trains 
Seismic 
events Others 

Trains 6013 6013 0 0 

Large slides 17 4 12 1 

Medium slides 17 4 11 2 

Small slides 148 0 143 5 

Others 3776 3 † 3773 

Using Table 2 we can compute the metrics of Section 4. The 
PPV and NPV for trains are simple to compute: 

PPVtrain = 6013/(6013+0) = 100% 

NPVtrain = (3958)/(3958+7) = 99.8% 

† Many events which were classified as “Others” by the warning system were 

seismic in nature, however they have been classified here as “Other” due to 

either their signature or low energy. 

For events described as “Others” the PPV and NPV can also 
be calculated, however it is difficult to accurately find the PPV 
and NPV for the different sizes of slides. This is because, with 
the exception of the controlled events, one cannot be sure 
whether a slide should in fact have been classified as a large, 
medium or small slide. Table 3 lists the PPV and NPV values 
for each type of decision, with the values pertaining to the slides 
based on the assumption that if the event was seismic then it 
was also the size as classified by the warning system. 

Table 3: The performance of the warning system according to the met-
rics PPV and NPV. 

Decision PPV [%] NPV [%] 

Trains 100 99.8 

Large slides 70.6 100.0 

Medium slides 64.7 99.9 

Small slides 96.6 100.0 

Others 99.9 99.9 

The high PPV values for the trains and “other” categories 
give rise to the high NPV values for all other events. The lower 
PPV values for large and medium slides show that three for 
every ten large or medium warnings are false. 

5.2 Incorrect warnings 

While the system decision making process works fairly well, the 
figures above are optimistic because of the inability to accu-
rately verify the decisions. To make an excellent warning sys-
tem more real events are required, although this is obviously a 
costly exercise in itself. 

6 FUTURE WORK 

Ongoing work is being done to implement similar systems at 
other sites in Norway, and work has recently been done at the 
current site in assessing different array geometries and better 
decision algorithms. These have included arrays on both sides 
of the track and arrays with substantial “cross-line” monitoring. 
Also, localisation of debris material during rock and ice falls 
has been investigated. 
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