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Time-lapse monitoring of hard-rocks properties in he vicinity of
underground excavation

Jaroslav Barta, Dusan Dost4l, Jaroslav Jirki?, Vaclav Kopecky, Lubomir Slavikand Jan Vilheln?

Studying the behavior of the rock mass is essefutiatleveloping a geophysical monitoring systemiclviallows continuous time-
lapse monitoring of the state of the rocks envireninFor example, rock mass monitoring might beuzial part of a system for storing
dangerous, especially nuclear waste in a geologéealironment. The goal of this project is develgmrnworking system for long-term time-
lapse monitoring of a geological environment usiog-destructive geophysical techniques. The mangaystem works with geoelectrical
and seismic properties of the hard-rocks environm&he system carries out 4D monitoring of the rpaperties behavior in the close
vicinity of an underground excavation. For the imlitexperimental measurements, two geophysical adsttwere chosen - electrical
resistive tomography (ERT) and ultrasonic micraseis The ERT method uses a set of 48 stainlessaeles 20 cm apart (9.4 m length of
the profile in total) and the frequency of the meaments is six hours (i.e., four measurementsdasy). Currently the seismic uses
frequency of five minutes between gathering onsmseirecord. Attention is paid to the behavior osignificant fracture located in
the middle of the measuring system. The monitatéwce collects data that are being sent via thallcAnnection to the project members’
computers.

Key words:geophysical monitoring, electrical resistivity tography, seismic time-of-flight measurement, undengd excavation, fracture
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Introduction

A part of the underground excavation’s risk managgmnis also the monitoring of the geological
environment in the close vicinity of the excavatasdescribed in the Pamukcu (2015) for instanoe. €@n use
some of the geophysical techniques as reviewedhénSpillmann et al. (2010). Currently, the main vy
the monitoring of the rock mass” behavior in theinity of the excavation is based mainly on measyri
the deformations in time and describing the consages of such deformations. These deformationwveme
frequent mainly on the weakened geological striestutypically fracture zones or tectonic lines. Qraan
measure the rate of relative shift of two rock klcsplit by a disturbation. Such disturbation &y often
connected with so-called seismoacoustic emissi@t th generated during the brittle rock’s distudean
formation.

Let’s assume a rock mass” environment in whichavead expect any sudden changes in the stateesfsstr
that could lead to new disturbances occurrence. ir@nitoring of such massif (particularly the vidiniof
the underground excavation), one can use the seismthods, namely the tomographical approach. Tieen
can measure the seismic waves’ properties (seiggtocity or changes in the seismic amplitudes)tanlong-
term basis during their transmission through a rotéssif. Repeated measurements, or monitoring,gusin
the electrical resistivity tomography methods, d¢@na useful way of controlling the seismic measemis
results as the ERT should sensitively react to btk mass” changes caused by changing groundwater’s
saturation (Loke et al., 2013; Donno and Cardar2liL4).

Original plans of such monitoring methodology aommected with previous works carried out since 2003
in the Bedichov gallery that mainly works as a water condiitn the Josedifv Dil dam to the Befichov water
plant (Liberec region). The gallery was drilled @utt983" in the granite rocks.

Monitoring of arising processes in the rock masednnected with changes in the state of stress or
production of new microcracks, can be viably cafr@ut via time-lapse seismic ultrasonic tomograjphny
regular 4D monitoring of the apparent resistiviti®egarding the effect of the load distribution smdi by
the excavation’s shape, one can also use mathematiteling, as described in the Yang et al. (2pa@kr.

Changing the state of stress in the rock mass’ogracks system is directly connected to the elagizes”
propagation. Similarly, there is a well-known coctien between apparent resistivity and the statbe@fmanner
of rock. However, using both methods together fgdirting future behavior of a rock massif has beéen
presented yet. Using the ERT methodology (Frie2@03) in the unfavorable conditions of higher rigites
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(around ten thousar@m) and sudden contrast in them has brought a neelusion that such methodology can
be reliably used. In such conditions, the only nm@amameter influencing the electrical resistivitytiie content
of the groundwater and its mineralization in thenméracks system. The developed methodology camsbd
for example in monitoring projects of undergrourtdrages. The long-term monitoring of water contient
important even in the case of radioactive wastesiépry projects (e.g., Bartko et al., 2014). Ofi¢he new
approaches we have brought is also the methodabthe seismic tomography measurements, namelyéye
of seismic waves” excitation and registration.

During our multi year's research in the Beldov gallery, we found out that one can see maof@nges in
the mechanical and hydrogeological parameters éngiithered data. Such anomalies are crucial fderbet
understanding of the processes in a rock masgiftearefore their 4D variations should be captungthe time-
lapse monitoring. We incorporated this requiremiai our original measuring system. It allows stgriof
the data and can send them furtherly via LAN cotiaedor further interpretation or automatical wieg on
the processes occurring in the relevant bodies.

This research proceeded mainly due to the TA0O302@¢t@nt, provided by the Technology Agency of
the Czech Republic, which was launched in 2013veamsl successfully completed in 2016.

Material and Methods

The SGI 1 geophysical monitoring system in the iiRdayv tunnel (Jizera Mts.) is the main deliverabfe
our research. It allows repeated measurementspafrapt resistivities via a system of up to fortghdistainless
electrodes placed in-line on the gallery wall. Su#dasurements allow continuous monitoring of a noelssif.
At our field base, also seismic piezo sensors (geoes) and the transmitter of the elastic waves (aforking
on the piezo effect phenomenon) are placed. THesg monitoring of the massif according to the pagption
of the elastic waves through the rock. Currenthge SGI 1 system works with three receiving and one
transmitting sensor.

Another potential ability of the system is to monithe electrochemical processes in the massifilyngia
the time-lapse time-domain induced polarizatior) (feasurements. Another parameter that can beauber
the seismicity at high frequencies, i.e., naturakpsses that occur without any artificially exditdastic waves.
The scheme of the SGI 1 system is shown in thelFig.
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Fig. 1. Current scheme of the SGI 1 system.

We use the Schneider Thalassa PLM switchboard wihsparent door housing for the controlling
electronics” protection. The whole system is supedsby the Advantech ARK 1503 industrial PC. Thare
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also another components in the switchboard, namelpower supply, high-voltage protection, seismic
instrument’s electronics and the Olympus 5077PRepukceiver.

For the ERT and IP measurements, the ARES Il. ins#nt by the GF Instruments company was
employed. The manufacturer changed the firmwarai$oso one can send the data remotely via RS23&tsoc
This connection allows us to send the data to thie Berver or the external computer. In Fig. 2 oae see
the whole system in the B#chov gallery together with the crossing tectoniacfure zone going across
the geophysical layouts.

Internet box

Electrical Resistance Tomogra

Fig. 2. The SGI 1 system in the Belov tunnel.

The Bedfichov Tunnel Experimental Site

The Bedichov gallery connects the JogefDal dam with the Betichov water plant in the valley (Fig. 3).
The city of Bedichov is located in the northern part of the CzBgpublic, close to the city of Liberec. From
the geological point of view, the site consistsie granite that belongs to so-called Liberecqugaphic unit.

Fig. 3. Location of the Bé@thov tunnel with its ending in the form of a veatishaft into the dam.

This type of rock is often used as a building niateand very often reaches the parameters of déeera
stone in terms of quality. Currently, the Libereamjte is being extracted at the nearby Hfaéi and
Ruprechtice quarries. These quarries lie approxiyaen kilometers from the B&dhov gallery and are very
good surface analogs for our tunnel’s measuremé&hts.potable water from the JosefDul dam flows to
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Bediichov via steel pipe that lies on the side of tkeawated Befichov gallery. The other side of the tunnel’s
wall is being extensively used for many scientifiesearch projects (geomechanics, thermometry or
hydrogeology). Two hydroelectric power plants al@ced at the entrance of the tunnel. These poveettplare
sources of a DC noise in the form of so-calledystiarents. During all geophysical measurementshae to
deal with these currents. In any case, researcthisrtopic may be another interesting chapter arrng of

the potential effects of the stray currents onuhéerground bodies.

In 2003, vast geophysical research in the tunngldtarted, mainly with emphasize to the ERT method
hammer seismic. The experience with previous measemts that were carried out with frequencies afhty
several months led us to the idea of continuous-apse monitoring in the regular short frequendy o
measurements. Also, a requirement for the data teeimotely sent via the LAN network to the researsiwas
set. The 2003 — 2012 research spans proved thratdhe remarkable ongoing processes (accordintet&RT)
in the massif.

There are several remarkable experimental sitethéngallery that are being used for the purposes of
the geophysical research. For the research preséete, we picked the point of 792 m from the enteato
the tunnel. This place is the main test site fer 03020408 project, and the SGI 1 system is placel tested
here.

Results

The results of the measurements of this reseamjeqirare based on the previous stages of therodsea
works in the tunnel. Details on related issueslmafound for instance in Vilhelm et al. (2013)kdiand Bérta
(2014) or Barta and Ji#k(2011). For the information regarding the issuethe microseismic measurements in
hard rocks, we refer mainly to Petruzalek et 201@). We would also like to refer to the works @fridn (2006)
and Daily et al. (2005) as sources of informatiorttee physical properties of the hard rocks andctirmection
of these issues with the practical fields of tumgelfor instance. One part of the project’s godd® ancludes
particular technically oriented conclusions in thiam of a certified methodology and utility model.

In the Fig. 4a (P-waves velocity) and 4b (S-wavéocity), one can see the examples of the seismic
measurements from the regular time-lapse monitoiinghe Bedichov gallery. The crucial conclusion is
the fluctuation of the seismic velocities magnitadéhe monitoring base, which is almost negligittes records
remain almost unchanged). Therefore, we can shateainy change in the velocities would have to dngsed
only by the occurrence of a new microcracks sysféhere are three seismic records, which equaléreet
seismic receivers at the distances of one, twalaed meters from the transmitter.

Time [us]
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Fig. 4a. P-waves velocity determination on themseigram. The straight blue line represents a tiis&adce curve of the P-wave.

The overall picture taken from the data gainedhgymonitoring (also with respect to the previouagas
of the research) can be summed up in several csinakl The crystalline rock massif in the gallesy i
characterized by the P-wave velocities of rougt?p® m/s. The S-waves velocities oscillated maimuad
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the values of approximately 3000 m/s. The meamevalf the Poisson ratio from the earlier stages of
the geophysical works was calculated to approxilpde?5. The values of the seismic velocities am@anor
less equal to the overall technical experiencettier HQ granites in an unloaded state, i.e., meammts on
the horizontal ground surface. Regarding the valude Poisson ratio, we consider it slightly sisimg as one
might guess the value should be lower for the intaed-rocks environment. The third seismic charfnere
distant from seismic source) is set over a smadittrre and therefore is attenuated.
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Fig. 4b. S-waves velocity determination on thersegram. The straight blue line represents a tiis&dce curve of the S-wave.

i A L e G e

The values of apparent resistivity gained from m@&asurements typically vary between first hundteds
tens of thousand@m. The minimal values can be interpreted as crushealvily weathered or water-saturated
rocks in the tunnel. The maximal values equal ®H® granite parts with the almost complete abseneamy
fracturing and groundwater. However, the cruciatiing of our measurements is the fact that thegeshght
changes of the massif in time (with respect to ERT data). We prove this in the Fig. 5 when one sea
several selected cross-sections of apparent mggidiiom the 792 field base in the gallery. Weestéd cross-
sections with approximately one-month frequencyeréhare many inversion codes for the original tiesig
data using the layered model approach, namely Kaklland Mawlood (2009), Johansen (1977), Zohdy4}98
Koefoed (1979) or Basokur (1990). We used standpptoach using the Res2Dinv programme (Loke, 2001),
which produces the 2D inverted distribution of aygpd resistivities. The mean error or repeated measents
was surprisingly low in this case — during theitesphases we were able to go down to less tharpereent.
Apparently, there can be a huge influence of thexpacted events, say in the form of the parasiticents for
instance. However, the quality of the data is miae by the averaging of them as the instrumentsarea
several values at one point, and the standard titaviaannot be higher than five percent. The Fighbws
minor processes occurring in the cross-sectionsjekier, we still do consider them distinctive in éimiVe
believe that these anomalies are caused by chamgaisture content in the rock environment and fobgsi
changing mineralization of the groundwater too. bééeve that the system around the fracture caselseribed
not as a one huge isolated “slot” but as a compiestem of tiny microfractures, which are wet anctually
connected. This system can drain the main fractare. It becomes dry then and is characterizedbrgraely
high resistivities as shown by blue colors in thg. 5. We can state, that specified macroscopictira on
a rock face is an only first indication of more qaax system and intricate metabolism under theasetf

The results in the Fig. 5 are very illustrativewewer, the statistical processing of measured damabe
very useful too. It means that measured valuesdicplar points can be compared in time. Seleptdts are
shown in the Fig. 6. This picture clearly demorssavarying values of the resistivity in time frasaveral
places of the cross-section. The depth of the poiaties between 0.2 to 1 m. The gradient of ttheegagoes up
to thousand€2m at some places.
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Fig. 5. Cross-sections of apparent resistivitynfirthe 792 field base, by the SGI 1 system.

Discussion and Conclusions

Conclusions gathered from this research projegietkln better understanding the processes in taitgr
massif from the geophysical methods” point of vieBome conclusions, as the complex behavior of
the hydrogeological processes in the vicinity dfacture (Fig. 5), detected by the ERT method, s¢erhe
a huge complement to the classic macroscopic appesaof a geologist. The microcracks system shdea c
changes in the apparent resistivities. The higidyugted zone of the cross-section shows the biggemges.

In the Fig. 5, one can clearly distinguish fractutectonic zone in the form of a shallow qazi-wetihigh-
resistive body. Apparently, observed changes aobagily mostly related to fluctuating water contemtd
changes in the mineralization of the groundwatdhénfractures.
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Fig. 6. Particular points of the cross-sectionuefuating resistivity in time.

Regarding seismic measurements, we were not aldeg@ny remarkable changes in the seismic records.
With respect to the high precision of such measeres) we believe that this proves very stable ggpodd
environment from the mechanical point of view. Argmarkable changes in the state of stress should be
measurable via our system.

The SGI 1 monitoring system proved to work wellidgrthe initial periods and is going to be adjusited
the near future. Our system can monitor processmsnd major mining works, for instance in case eépul
geological repositories of dangerous waste.
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