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ABSTRACT

Crack propagation in rock walls, which are prepared by meteorological factors and the geological characteristics of the rock, can be moni-
tored by electronic geotechnical monitoring. In eastern Slovenia, we have set up a monitoring system consisting of 12 measuring points with
sensors, such as a rain gauge, air temperature and humidity sensors, a wall inclinometer, a set for measuring rock strain and deformability,
laser distance meters, crack detectors and temperature sensors in the wall. The pilot monitoring sites were selected according to the follow-
ing criteria: frequency of rockfalls, risk to the public and infrastructure, and different rock types. In this article, we focus on the methodology

for monitoring crack propagation, based on which a rockfall observatory can be set up.

INTRODUCTION

The morphology of the slopes, the unfavourable geological and tectonic conditions and the climatic diversity contribute significantly to
the high rockfall potential in Slovenia (Carman et al., 2011; Jemec Auflic et al., 2017). According to information from the rockfall database
of DRI Investment Management Ltd (which manages a rockfall database for national roads for the Slovenian Infrastructure Agency), more
than 600 km of road links are affected by rockfall events (Fig. 1). Larger rockfall phenomena, such as large-scale rockfalls, mostly occur in
the seismically active upper Soca valley in western part of Slovenia (Miko§ et al., 2006). Rockfalls can also occur in the eastern part of the
country - the most problematic are very narrow valleys with very steep slopes above and below the railroad line (Fig. 2). Despite protective
nets, falling rocks often penetrate the protective net, or the falling rocks hit the track after they have passed the protective net. In some
particularly exposed locations, rockfalls have a significant impact on the safety and normal operation of railroads and cause major economic
and material losses. In recent years, around ten large rockfalls with a volume of more than 10,000 m3 have been observed in the eastern part
of Slovenia, causing damage to infrastructure and resulting in two fatalities (URSZR, Annual Report 2021). Rockfalls of a few cm3 to a few m3
occur daily. The decision to install a warning system is an important step towards protecting road users and residents in areas with a high
disaster risk. Since rockfalls occur suddenly and usually without visible warning signs, they are extremely difficult (or impossible) to predict
and pose a great potential danger to people and infrastructure. In this paper, we focus on the methodology for implementing electronic ge-

otechnical monitoring of the crack propagation in rock walls caused by meteorological factors and the geological characteristics of the rock.
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Figure 1 Map of rockfalls density along the road sections and five monitoring locations marked with red colour. The density map is prepared based on the one-year data collection.
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FigureZ Examples of rockfall prone areas.

METHODS

The multi-sensors network was set up in the selected monitoring areas in the eastern part of the country early in 2021: rain gauges, air
temperature and humidity sensors, tiltmeters, rock stress and deformability measurement kits, laser distance metres, crackmeters and
near-surface rock temperature sensors (Table 1). The temperature sensors at depths 2, 25, 50 and 75 were drilled into homogeneous, intact
rock at a distance of at least 30 cm from the joints, following Gruber et al. (2004). This sampling strategy does not reflect the importance of
non-conductive heat transfer through joints, but we avoided complex microtopography of the surrounding bedrock to minimise shading or
concentration of surface runoff (after snowmelt).

Table 1: The basic specification of the sensors.

Some of the installed sensors can be seen in Fig. 3. The monitoring areas in eastern Slovenia (Fig. 1) were selected according to the following
criteria: (a) frequency of rockfalls, (b) risk to the population and infrastructure, (¢) diversity of rock composition (carbonate and igneous).
Each individual rock type has different engineering properties and predisposing factors that can affect exfoliation, discontinuity formation,
and fractures. However, the type of rock, its mineralogical nature, anisotropy or isotropy very often determine the susceptibility to the for-

mation of fractures and their opening.

Figure 3 Examples of sensors.

RESULTS AND DISCUSSION

The geotechnical sensors are wired using the LoRa communication protocol and the LoRa gateway and supplied by a base station, which
also serves as an in-situ data logger (Fig. 4). The nodes are connected to the board so that all data coming from the sensor can be forward-
ed immediately via the LoRa network (Long Range Wide Area Network). The collected data is therefore not transmitted immediately, but
first undergoes data processing. The data is also stored in the local memory to minimize data loss due to a network error. The Wide Area
Network (WAN) is used in this research on the basis of the LoRa module and makes it possible to send data within a radius of around 2
km. Due to the new technologies, battery-powered devices that use LoRaWAN for communication can be operated for many years without

replacement.
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Figure 4 Sensors communication using LoRaWAN and connection to the eTeren network.

The data recorded by the sensor in the field is automatically transmitted to the servers or services of the device providers or to the GeoZS
servers. The data is then automatically harvested and stored in the database and is accessible to end users via the eTeren web application.
eTeren is a centralized sensor network that enables the storage, processing and display of geological data obtained in the field with different
types of measuring devices. It provides direct access to daily updated data from the field, which is available to various end users: research-
ers in their scientific work, administrators to control the operation of rights and external clients to monitor parameters that are important
for their activity. Fig. 5 shows an example of monitoring rock temperature at a depth of 25 cm and at the rock surface, which is one of the
main factors in triggering rockfall due to freeze-thaw. On the basis of two years of observation, we can hypothesise the main factors for
rockfalls occurrences and define the relationships between these factors and the frost weathering processes responsible for crack propaga-
tion. Temperature and crackmeters monitoring data are used to define freeze-thaw cycles on the basis of which the preliminary warnings

can be issued.

A Rock temperature at the depth of 25 cm

Figure 5 A - Rock temperature at the depth of 25 cm. B — Rock temperature at the rock surface.

CONCLUSIONS

The method proposed in this article is a step towards a rockfall observatory in Slovenia. Based on two years of observation, we can assume
the main factors controlling rockfall and define the relationships between these factors and the frost weathering processes responsible for
crack propagation. Temperature and crackmeters monitoring data are used to define freeze-thaw cycles on the basis of which the prelimi-
nary warnings can be issued.
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