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ABSTRACT

The process of tunnel construction, for various reasons, is occasionally accompanied by
emergency situations caused by roof caving. In these cases, the correct information for
the spatial boundaries and the geometry of the collapsed and loosened areas in the
problematic region is of great importance for the effective reinforcement of the disturbed
rock mass. The proposed geophysical approach for three-dimensional mapping of these
areas is based on the application of electrical resistivity tomography. The possibilities for
detailed delineation of the fractured zones in the area above the tunnel structures
according to electrical resistivity are studied. This approach is tested in the process of
mapping the subsurface space in an area where roof caving occurred in one of the tunnels
under construction along the Struma motorway in South-West Bulgaria. The presented
results confirm the high engineering efficiency of the proposed approach for data
acquiring, analysis and interpretation.
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INTRODUCTION

The geophysical non-invasive techniques are frequently used in the study of near-surface
section in areas where emergencies, caused by roof caving or other geodynamic processes
during the construction or operation of underground facilities, have happened. Their
application is not only the most effective approach but sometimes is the single possible
method for recording the occurred changes in the geological environment and finding
constructive solutions for the effective reinforcement of the disturbed rock mass.
Particularly productive in these cases is the method of electrical resistivity tomography
(ERT), which in the last decade has a wide application in Bulgaria for solving different
geological, mining, hydrogeological, engineering and environmental problems [1], [2],
[31, [4], [5]. [6], [7], [8], [9], [10], [11]. Its efficiency is determined by the possibility for
good differentiation of rocks, their secondary alterations and degree of water saturation
according to the specific electrical resistivity, and more precisely by the scale in which
ionic conductivity is manifested [4], [6], [7].

A specific example demonstrates the capabilities of the ERT method for studying the
geological section and mapping the spatial boundaries and geometry of the collapsed,
loosened and disturbed zones in an area where roof caving occurred in one of the tunnels
under construction along the Struma motorway in South-West Bulgaria. Subject of study
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is the subsidence caused by local collapse during construction in 2015 above tunnel “T1
- Blatino”, part of the Highway “Struma” project, LOT 2, section “Dupnitsa -
Blagoevgrad” (Figure 1). The tunnel consists of two tubes and is constructed after the
New Austrian Tunneling Method (NATM).
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Figure 1. Location of the study area — tunnel “T1 - Blatino”, part of the of Struma motorway,
South-West Bulgaria

Diorites are dominant in the geological structure of the region. In the surface part of the
section, down to a depth of 6-7 m, the rocks are very heavily weathered, completely
fragmented and decomposed to clay. Underneath these materials, completely to
moderately weathered diorites are uncovered. They are cracked and disintegrated to rock
fragments of 10-20 cm in size, with a sandy-clay filler. The thickness of this weathered
zone varies from 5-10 m up to 30 m or more. The underlying rocks are less weathered,
the size of the rock fragments reaches 40 cm and the filler is sandy.

The main objective of the performed ERT study is to identify and map the spatial
boundaries of: (1) Collapsed and loosened zones in the rock mass formed as a result of
the roof caving that occurred during the excavation of the right tunnel tube; (2)
Geologically fractured and disturbed zones above those parts of the two tunnel tubes that
have not been excavated until the accident.

METHODS AND INSTRUMENTS

The applied ERT method is appropriate for two-dimensional mapping of the near-surface
area in vertical sections along the surveyed lines [12]. Field measurements were done
using a large number of electrodes connected as a Wenner-Schlumberger array to a multi-
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core cable [13]. Two sets of 12 core cable were used with a 10 m electrode spacing (24
electrodes in total). The registration was accomplished with the help of the equipment
Terrameter SAS 1000, manufactured by the Swedish company ABEM.

The measurements were performed along 17 lines having a total length of 3910 m (each
surveying line with a length of 230 m). To achieve maximum resolution in the process of
mapping the collapsed and loosened zones in the roof caving area, 9 parallel lines were
surveyed, located about 10 m apart. Another 5 lines were oriented along the axe of the
tunnel tubes, and the additional 3 lines were positioned on the periphery of the first set of
lines with the intention to enhance the picture. The exact location of all surveying lines
in the segment from km 324+500 to km 324+750 is presented in Figure 2.
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Figure 2. Location of ERT surveying lines

In the field data processing, the computer program RES2DINV [14] was used to obtain
electrical resistivity sections along the 17 surveying lines. The so determined
geoelectrical models were transformed into geological ones on the base of: (1) General
information about the specific geological conditions in the area and the construction
technology [4], [5]; (2) Reference data for the electrical resistivity of different rock types
[15],[16]; (3) Data from the drilled boreholes [4], [7], [8].
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RESULTS AND INTERPRETATION

The electrical resistivity distribution along the 17 studied lines obtained with the
RES2DINV program is presented in Figure 3.
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Figure 3. Electrical resistivity sections along the 17 surveying lines
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The complex analysis of geoelectrical sections, taking into account the available
information about the geological, engineering-geological, hydrogeological and
technogenic conditions in the region of tunnel “T1 - Blatino™, gives reason to make the
following more important conclusions regarding the determination of collapsed,
loosened, and disturbed zones in the rock massif:

- The geoelectrical section along all lines is consistent regarding the electrical resistivity
distribution in depth.

- The electrical resistivity of the varieties that compose the studied part of the
subsurface space changes in a relatively wide range - from 10 Qm to 200 Qm and
more. The established resistivities do not correlate closely with the table values of this
parameter for weathered diorites. This is not so much related to the degree of natural
secondary alterations, but mainly to the formation of collapsed and loosened zones
around the tunnel roof caving area, the presence of intensely jointed zones and the
complete or very high water saturation in the disturbed zones.

- The lowest electrical resistivity values (less than 25 Qm) most probably mark the
upper part of the collapsed zone down to a depth of 15-17 m. It is a highly
disintegrated and well-saturated environment composed of highly weathered diorites,
decomposed to clay and small rock fragments. At a greater depth, in the interval from
20 to 25 m, the collapsed zone is characterized by higher values of electrical resistivity
— from 25 to 40 Qm and more. These values are typical for diorites disintegrated to
larger drained rock fragments with sandy filler.

- The comparatively higher electrical resistivity values (25 to 35 Qm), registered along
the periphery of the collapsed zone, denote the boundaries of the loosened zone in the
rock mass down to a depth of 15-17 m. At depths down to 20-25 m, due to the presence
of large rock fragments, the spread of this zone is likely to be outlined by an
environment with values of electrical resistivity increasing from 35 to about 50 Om
or more.

- The low electrical resistivity values (25 to 35 QQm), registered outside the roof caving
area and the connected to it collapsed and loosened zones, most probably characterize
the geologically fractured and disturbed zones in the upper part of the rock mass down
to a depth of 10-15 m and more. In depth, the continuation of these zones is mapped
by higher electrical resistivity values, increasing from 35 to 75 Qm. This is associated
with the presence of larger rock fragments as a result of the lower degree of weathering
of the rock mass.

Detailed maps of the electrical resistivity distribution at various depths have been
composed in order to delineate the spatial boundaries of the collapsed and loosened zones
around the roof caving area and the geologically fractured and disturbed zones above
those parts of the two tunnel tubes that have not been excavated so far. The derived maps
are illustrated in Figure 4.

Based on the compiled geoelectrical maps and according to the zoning criteria defined
above, the following schematic maps were drawn:

(1) Schematic maps illustrating the spread of the collapsed and loosened zones in the

rock mass formed as a result of the roof caving that occurred in the segment from km

324+669.1 to km 324+680 during the excavation of the right tube of tunnel “T1 -

Blatino” — Figure 5;

(2) Schematic maps illustrating the spread of geologically fractured and disturbed zones

above those parts of the two tunnel tubes that have not been excavated until the accident

— Figure 6.
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Figure 4. Maps of the electrical resistivity distribution at various depths
in the region of tunnel “T1 - Blatino”, segment from km 324+500 to km 324+750
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[ 1- Sinkhole

[ ]-Loosened zone
Figure 5. Schematic maps illustrating the spread of the collapsed and loosened zones

[1-Collapsed zone

in the rock mass formed as a result of the roof caving in the segment from

km 324+669.1 to km 324+680 — right tube of tunnel “T1 - Blatino”
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Figure 6. Schematic maps illustrating the spread of geologically fractured and disturbed zones above
those parts of the two tunnel tubes that have not been excavated until the accident
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CONCLUSIONS

The presented results confirm the high proficiency of the proposed geophysical approach,
based on the application of electrical resistivity tomography, for three-dimensional
mapping of the collapsed and loosened zones in the rock mass formed as a result of a roof
caving that occurred in the process of tunnel construction. The acquired schematic maps
were of great importance for the development of an applicable solution for the
reinforcement of the disturbed rock mass. The geologically fractured and disturbed zones
were also successfully delineated and taken into consideration during the remaining
construction activities that have finished without an accident.

The proposed approach for data acquiring, analysis and interpretation can be used very
effectively in the study of near-surface section in areas where emergencies, caused by
roof caving or other geodynamic processes during the construction or operation of
underground facilities, have happened.
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