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ABSTRACT

In the area of Wojanéw raillway tunnel (Sudetes Mts., Poland), Ground
Penetratind Radar (GPR) was employed in the context of a geotechnical research
for the purposes of designing the tunnel renovation. Various antennas were
used, with 100 MHz, 250 MHz, and 800 MHz central frequencies. The sections
recorded above the tunnel with 100 MHz antennas allowed estimating at what
distance from the tunnel casing, behind the housing, there is a solid rock. The
cross-sections recorded with 250 MHz antennas allowed figuring out the
structure of the ground behind the tunnel casing. The analysis of data obtained
with 800 MHz antennas made it possible to precisely determine the condition of
the tunnel casing and of the casing reinforcement zone. An attempt was also
made to analyse GPR data in a three-dimensional system, to study the general

state of the ground behind the tunnel casing; the analysis indicated loosening
rocks and empty spaces behind the tunnel casing.

Kevyworbs: Ground Penetrating Radar (GPR); Civil engineering; Railway
tunnel.

1. INTRODUCTION

Ground-penetrating radar (GPR) is a safe and valuable method for the
non-destructive testing of transport infrastructures, including tunnels
[1], [2]. In the scientific literature, several works address the successful
use of GPR for the assessment of roads and bridges, whereas a rather
limited number of case studies deal with the use of this technique for
the investigation of tunnels [3]-[23]. This is probably due to the fact
that tunnel inspections present considerable practical difficulties,
compared to roads and bridges, therefore they are less frequent. The
objectives of this paper are to present the results of a GPR survey
carried out in Wojanow railway tunnel, in Poland, and to provide
practical guidelines for GPR inspection of tunnels.
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Location of Wojanow railway tunnel

Wojanow railway tunnel is located in the Sudetes Mts., in the south
west of Poland, about 15 km east of Jelenia Gora.

The tunnel is carved in granite and is located at an altitude of
about 376 m above sea level, about 30 m below the ridge of the tunnel
mountain and about 20 m above the water level in the Bobr river. The
water level in the Bobr river is at an average height of about 356 m
above sea level.

Wojanow railway tunnel was built in 1867. The length of the
tunnel is 293.15 m, the vertical height is 6.82-7.22 m, and the
maximum horizontal width of the tunnel is 7.09-7.38 m. The walls of
the tunnel are enclosed with granite blocks, which dimensions are: 1-
0.35 m x 0.4-0.6 m. The granite housing blocks have a weight of 600-
1200 kg. Eastern and Western tunnel entrances (E and W inlet to the
tunnel) are enclosed with stone portals made of granite blocks.

After 150 years of operation and progressing degradation, this
tunnel requires renovation and protection. In the tunnel housing there
are numerous cracks and displacements of the rock blocks of the
casing. In the ceiling of the tunnel there are numerous gaps between
the housing blocks. Recently, wooden wedges have been torn into these
gaps to prevent block housing from falling out. On the ceiling and side
walls there are numerous places of slow water outflow and precipitation
of calcium carbonate (CaCOs speleothems). In the eastern part of the
tunnel, water flows out from the gaps between the housing blocks in the
form of a stream.

Geological situation

Wojanow railway tunnel was forged in granite rocks of the Upper
Carboniferous [24]-[26]. This granite is coarse-grained, cracked and cut
with quartz veins and veins of aplite. There are cracks in the granite,
inclined towards the south. In the south-eastern part of the tunnel
mountain, there is an old mining tunnel (about 200 m long) where
vertical veins of quartz and aplite, running NE-SW, have been found. In
the outcrops, occurring near the western outlet of the tunnel,
dislocations of rocks in direction NW-SE and discharges towards the
south were observed.

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 72 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018010



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

Horizontal geological drilling in the tunnel

In the walls of Wojanow tunnel, fifteen horizontal geological drillings
were drilled to a depth of 2-4 m (Figure 1). Nine holes were made in the
northern wall of the tunnel (from the T1 side) and six in the southern
wall of the tunnel (from the T2 side). Geological drilling holes (indicated
by “otw.” in Figure 1) were made in the walls at a height of 1, 2, and 3
m above the floor (for borehole locations, see also Figure 2). The drilling
shows that the granite blocks of the tunnel casing have a thickness of
30-55 cm. Behind the housing there is a strengthening zone (concrete,
cement), which has a thickness up to 1.1 m (in some places up to 2 m).
From 0.7 to 4.5 m there are granite debris, gravels and sands. Behind
the casing of the tunnel, at a distance of 2-4 m, there is weathered
granite, heavily cracked granite, or hard granite with rare cracks.
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FiGg. 1 - Lithology information about Wojanéw tunnel, obtained by drilling its
walls. Legend: 1 — housing made of granite rock block; 2a - concrete,
cementation zone; 2b — granite weathering (gravel) plus granite fragments; 2c —
gravel and sand; 3 — weathered granite; 4 — granite strongly cracked; 5 — solid
granite (rare cracks); 6 — aplit.
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FI1G. 2 — Scheme illustrating the GPR cross-section and borehole locations in
Wojanéw tunnel. Legend: 1) Tracks; 2) Horizontal boreholes; 3) Horizontal GPR
cross-sections; 4) Vertical GPR cross-sections on the northern wall (800 MHz
antenna); 5) GPR cross-section on the celling (800 MHz antenna).

Water in the area of the tunnel

The scheme of basic hydraulic properties for areas of occurrence of
crystalline rocks [27] was used to visualize groundwater in the area of
the tunnel. There are three aquifers (see Figure 3):

* Zone I - A weathering cover with variable thickness, high water
capacity and low water conductivity. This is the zone that affects
most the eastern and western inlets of the tunnel.

* Zone II - A densely fractured rock mass with high conductivity
and low capacity.

* Zone III - A zone of deep circulatory pathways, which includes
cracks accompanying fault zones, with the lowest capacity and
hydraulic conductivity.
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FI1G. 3 - Occurrence of groundwater in Wojanéw tunnel region, in areas of
igneous and metamorphic rocks with low porosity but relatively high fissures,
with reference to the geological and topographic situation of the tunnel.
Legend: 1) Weathering cover; 2) Weathered and strongly cracked granite; 3)
Cracked granite; 4) Fault zone. Symbols: m - thickness of the wet zone, n -
effective porosity, k - filtration coefficient, p - gravitational drainage.

2. METHODOLOGY OF GPR RESEARCH

GPR data collection

GPR research was carried out for the purposes of designing the tunnel
renovation. To facilitate the description of research results and the
identification of rock mass variability occurring behind the housing, the
entire length of the tunnel (from the eastern portal towards the western
portal) was divided into sections denominated as follows: from (T1)A to
(T1)F and from (T2)A to (T2)F (see again Figure 2; note that the
kilometers of the railway route are also reported in the scheme).

GPR measurements were carried out at night, when there was no
train movement and it was possible to switch off the electricity in the
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electric traction. To work at the tunnel ceiling, a train was used which
is normally employed to repair the electric traction. All tests were made
with antennas facing the tunnel walls (Figure 4). Shielded antennas
were used, with three central frequencies: 100, 250, and 800 MHz.

The following cross-sections were recorded with the use of 100
MHz antennas: over the tunnel, along the walls of the tunnel at a height
of 1 m, and on the bottom of the tunnel (between the rails of railway
tracks). The following cross-sections were recorded with the use of 250
MHz antennas: along the walls of the tunnel, at heights of 1 meter and
2 meter, along the tunnel bottom and along the base of the walls of the
tunnel casing. Finally, cross-sections with the use of 800 MHz antennas
were recorded along the tunnel walls, at heights of 1, 2, 3.5, and 5 m,
as well as along the ceiling of the tunnel (see Figures 2 and 5).

Methodology for GPR data interpretation

Various color palettes and customary filter combinations were used to
analyze GPR data. In Figure 6, an example of processed radargram is
presented; this is a fragment of a cross-section recorded with 800 MHz
antennas along the north wall, at 1 m height (the (T1) 800_1m cross-
section). By using suitable filters, it was possible to improve the
visualization of the gaps in the tunnel casing (radargram A in Figure 6)
and of the housing blocks (part B in Figure 6). The calibration of the
GPR radargram depth scale was made on the basis of drilling (Figure 7).

After selecting the color palette, applying filters, calibrating the
depth scale, and obtaining a more readable image of the GPR data, the
geological interpretation started. On the various GPR sections, the
following lithological assemblies were distinguished: housing made of
granite rock blocks; concrete and cementation zone; granite weathering
(gravel) with granite fragments; weathered granite; strongly cracked
granite; solid granite with rare cracks. An example is presented in
Figure 8, where the following features are also shown: control points;
niches in the tunnel walls; locations of drilling holes; housing border
(housing blocks); boundary of cementing/concreting zone; boundaries
between housing blocks together with cementation and clastic pieces
behind the housing; boundary between mashing (weathered) and
cracked, weathered granite rocks; detected anomalies. This approach
was applied to all GPR cross-sections and a series of images were
created.
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FIG. 4 — GPR research in Wojanéw tunnel: 800 MHz antennas directed towards
the ceiling of the tunnel housing.
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FI1G. 7 — Depth-scale calibration and interpretation of GPR data, by exploiting
two geological horizontal drillings in the northern wall of the tunnel, namely
drillings (T1)otw.1 and (T1)otw.21. The GPR radargram is (T'1)800MHz-vertical,
at 560 m. The legend used for the lithology is the same as in Figure 1.

As expected, GPR cross-sections give information about the
ground structures until different depths, when antennas working at
different frequencies are used. In particular, the 100 MHz antennas
allow reaching a depth of about 21-60 m from the ground surface; the
250 MHz antennas provide information up to about 7-9 m from the
tunnel wall; and, the 800 MHz antennas allow reaching a depth of
about 4 m from the wall surface of the tunnel. On two-dimensional GPR
cross-sections, the depth error has been estimated as follows:
approximately £ 1 m with the 100 MHz antennas, * 0.5 m with the 250
MHz antennas, and £ 0.1 m with the 800 MHz antennas. On the GPR
sections, the cementation zone cannot be distinguished from the
weathering; this is probably due to the almost 100-year impact of
destructive processes on the structure of the tunnel and on the rocks
surrounding the tunnel.

3. RESULTS

From GPR tests carried out on the surface of the terrain over the tunnel
it follows that behind the tunnel casing there is a zone of debris and
rubble reaching up to a depth of about 5 m; see Figures 9 and 10 (the
rubble and debris region is indicated with 2 in Figure 10). Behind, there
is a zone of crumbled (and possibly weathered) granite that reaches
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Fi1G. 8 — Comparison of GPR data obtained with different antennas (100 MHz,
250 MHz, 800 MHz) over a fragment of the southern wall of the tunnel (unit
(T2)A). Cross-sections obtained at 1 m height from the floor of the tunnel. The
legend used for the lithology is the same as in Figure 1.

north and south up to about 15 m from the tunnel's axis (indicated
with 3 in Figure 10). It was also pointed out that on all cross-sections
(made over the tunnel) there are characteristic structures of ground
subsidence (4 in Fig. 10).
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FIG. 10 - GPR Cross-section No. 1 (100 MHz), above the tunnel. Geological
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3) Granite strongly cracked, weathered; 4) Ground subsidence zone above the
tunnel ceiling.
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An exemplary fragment of a GPR cross-section recorded on the
tunnel ceiling is presented in Figure 11 and clearly shows the condition
of the ceiling. It is apparent that the housing blocks moved against each
other, with a tendency to fall into the tunnel interior (1 in radargram A,
in Figure 11). The cementing zone behind the casing in some places
may be up to 1 m thick (2a in radargrams A and B, in Figure 11), and
the rocks are crushed after it (2b in radargrams A and B, in Figure 11).
The loss of housing blocks inside the tunnel is also confirmed by visual
observations of the tunnel walls. In order to temporarily stop the
movements of the housing blocks, suitable wooden wedges have been
hammered into the interstices between the blocks (Figure 12).

Figures 13, 14 and 15 resume the results obtained by inspecting
with GPR the north tunnel wall, at the T1 track and at a height of 1 m
from the tunnel floor. In particular, results in Figure 13 were recorded
by using the 100 MHz antennas; in Figure 14, results obtained with the
250 MHz antennas are presented; and, in Figure 15 results of
investigations conducted with the 800 MHz antennas are shown.

The data obtained by using 100 MHz antennas allow to recognize
only the boundaries between weathering and crumbling rocks (3/4 in
Figure 13) and between crushed rocks and hard rocks (4/5 in Figure
13). This means that, with the help of 100 MHz antennas, the distance
from the case to the hard rocks can be determined (5 in Figure 13) and
the remaining boundaries are very poorly legible. These data do not
provide information on the condition of the tunnel housing.

The results of the 250 MHz antenna tests allow to recognize only
the boundary between weathered and weathered rocks (2/3 in Figure
14) and the boundary between weathered granites and strongly cracked
rocks (3/4 in Figure 14). The cementation zone (2a in Figure 14) is
barely visible, and the tunnel casing (1 in Figure 14) is poorly visible.

Finally, the data obtained by using the 800 MHz antennas clearly
reveal the condition of the tunnel casing (1 in Figure 15), the cementing
zone (2a in Figure 15), as well as the zone of weathered, gravel-sandy
fillings (2b in Figure 15). The remaining boundaries are very poorly
legible. A thorough analysis of data obtained from the 800 MHz
antennas allows to visualize the gap widths in the tunnel casing (e.g.,
radargram A in Figure 6) and to illustrate the state of the tunnel casing
blocks (e.g., radargram B in Figure 6).

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 82 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018010



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

<
o
&
©
E
£
&
-3 >
- AN
7 N/ R /
AT A ~ AR
£ RS SRS SN =
g S S R T
RTINS P e ey S T ——
- A — S = —
‘- - == =
-
W ol e
unit (T2)A
Bs m s % @ e 4 e e w0 B b & K & X & W & T KK G E L E e R E @ & & S 4% % p oD w w8 o & 9 sy ¢z
B - . X ) A
800(T2)celling 0-5 i
o R G - .
/ ) --.~ L I "
oy : . : e
-
&
©
- 84
£
a ° z
o~
J— iy N
o
8 8
- m
— =
S S S S S S SR N R R R R A S S S S S S M S S |
o o E
W unit (T2)A

Fi1G. 11 - The ceiling of the tunnel: interpretation of GPR data recorded with
800 MHz antennas. Lithology numbers are the same as in Figure 1.

FIG. 12 — Photo of the tunnel ceiling, showing the falling blocks of the housing
and the wooden wedges hammered into fissures between blocks to temporarily
stop their movements.
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1 m - GPR cross-section on high 1 m
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FiG. 13 - GPR cross-section obtained with 100 MHz antennas along the

northern wall of the tunnel, at the T1 track and at a height of 1 m from the
tunnel floor.
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A preliminary analysis of GPR data in a three-dimensional system
was done by Magdalena Udyrysz (Sumo Services, Poland). This was just
a “trial analysis” because, due to budget constraints, the ordering
company of this GPR study accepted to pay for the execution of just a
few lines along the walls of the tunnel. It would have been interesting to
implement a three-dimensional analysis for some vertical sections of the
tunnel, too (e.g., from the base of the walls to the axis of the tunnel
ceiling, at intervals of 1 m).

By using the 800 MHz antennas, horizontal, parallel cross-
sectional lines were recorded at a height of 1, 2, and 3.5 m from the
tunnel floor on wall N, as well as at a height of 1, 2, 3.5, and 5 m from
the tunnel floor on wall S. Based on these data, an analysis in a three-
dimensional system was performed; unfortunately, while maintaining
the same scales (horizontal and vertical), the obtained drawings turned
out to be too long and with low height (so they are poorly legible).

To illustrate the results of the analysis, examples are presented in
Figures 16 and 17, for the southern and nothern walls of the tunnel,
respectively. In the figures, sections and locations of bores made in the
tunnel walls have been marked. On shallow time slices (e.g., from O-
0.15 m) niches in the tunnel walls can be clearly noticed (red points).
On these “horizontal” time slices, warm colors (red, orange, yellow)
correspond to anomalous spots indicating loosening in the tunnel
casing or behind the tunnel casing.

In particular, let us examine more in detail Figure 16, recorded on
the southern wall of the tunnel along T2: three examples of time cuts
were chosen, corresponding to depths of 0-0.05 m, 2.49-2.54 m, and
3.28-3.33 m. Very poor condition of the housing (red, orange, yellow
hues) can be observed on the tunnel section 0-56 m (time slice at a
depth of 2.49-2.54 m) as well as on the tunnel section 2.40-2.95 m
(time slice at a depth of 3.28-3.33 m), i.e., near the eastern and western
tunnel portal.

Let us now examine more in detail Figure 17, recorded on the
northern wall of the tunnel along track T1. In this case, very poor
condition of the housing is on the tunnel section 0.8-2.15 m (time slice
for a depth of 0.2-0.5 m). The worst situation is observed on the tunnel
section 1.2-1.75 m (cut at a depth of 0.2-0.44 m).
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FI1G. 16 — Southern wall of the tunnel, T2 track. Selected time slices.

For what concerns the bottom of the tunnelm, GPR cross-sections
made in the tunnel along the railway tracks indicate that the sleepers
under the rails lie on a subgrade build with crushed rock. Below, there
is no concrete reinforcement (e.g., concrete slabs): the subgrade lies
directly on a granite weathered cover or on cracked rock. Under the
tracks, the covers of weathering, including the cracked rocks lying
under them, extend until a depth of about 3-3.5 m. Below there are
fractured granites in which fault zones have been found. These results
are illustrated in Figure 18.

4. CONCLUSIONS

GPR tests in the area of Wojanow railway tunnel were made, with
antennas having the following central frequencies: 100 MHz, 250 MHz,
and 800 MHz. The linear profiling method was used and data were
represented in a two-dimensional system.

GPR profiling was carried out: above the tunnel, near the west
portal; along the ceiling of the tunnel; along the northern wall of the
tunnel (1, 2, and 3.5 m above the tunnel's base); along the southern
wall of the tunnel (1, 2, 3.5, and 5 m above the tunnel's base); all along
the tunnel floor, on the two tracks, as well as close to the tunnel walls.
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FIG. 18 — Floor of the railway tunnel, subgrade of the track. Interpretation of
GPR data (100 MHz antennas). Lithology: 1) 1 - track foundations and
subgrade crushed rock; 2 — weathered rock; 3 — strongly fractured rocks; 4 -
solid granite; 2) subgrade limit; 3) weathered rocks limit; 4) strongly fractured
rocks limit; 5) boundaries of rock layers; 6) faults, dislocations.

Calibration of the depth scale on GPR cross-sections was made on
the basis of data from 15 horizontal geotechnical drillings. The
estimated depth error on the vertical scale is: 1 m with the 100 MHz
antenna, 0.5 m with the 250 MHz antenna, and 0.1 m with the 800
MHz antenna. The obtained GPR cross-sections give information about
the ground structure down to the following depths: about 21-60 m from
the ground surface with the 100 MHz antenna, approximately 7-9 m
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from the tunnel area/wall with the 250 MHz antenna, and about 4 m
from the wall surface of the tunnel with the 800 MHz antenna.

On GPR cross-sections the following lithological assemblies can
be distinguished and the forecasted boundaries between them are
shown: 1) housing/granite blocks; 2a) concrete, cementation zone; 2b)
granite debris (gravel) + granite fragments; 2c) gravel, sand; 3)
weathered granite; 4) granite strongly cracked; 5) solid granite (rare
cracks). On some cross-sections the systems of cracks in granite and
possible faults can be observed. These structures have an inclination
towards south.

The analysis of GPR data obtained with the 100 MHz antenna
shows that behind the casing there is a zone of debris and rubble
reaching down to a depth of about 5 m.

The analysis of GPR data obtained with the 250 MHz antennas
shows that behind the housing there is a zone of cementation and
weathering reaching down to a depth of about 2-4 m, behind such zone
there is a crumbled zone of granite rocks (weathered?), which goes to a
depth of 4-5 m from the surface of the tunnel casing.

The cross-sections obtained with the 800 MHz antenna show the
condition of the tunnel casing (extended blocks, gap between the
blocks, thickness of the housing blocks). However, a careful analysis of
these data was not the goal of the research. To answer the question
what is the condition of the housing, it would be necessary to enlarge
the cross-sections and describe each block of housing separately.

The analysis of GPR data recorded with the 800 MHz antenna also
shows that the housing blocks have variable thickness (up to 0.55 m).
Behind the housing there is a variable thickness of the cementing zone.
The cementing zone can reach a depth of 1.1 m (locally up to 2 m).
Behind the casing there is a zone of debris and rock rubble reaching
down to a depth of about 4 m (counting from the surface of the casing).

A preliminary analysis of GPR data in a three-dimensional system
highlights a very poor condition of the housing and the zone behind the
housing close to the western portal and near to the eastern portal (along
sections of about 50 m).

For the anomalous zones detected in the two-dimensional system,
it would be useful — as a future study — to perform a GPR survey on a
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fine grid and analyze data in a three-dimensional system (parallel cross-
sections could be collected every 1 m or, even better, every 0.5 m), from
the tunnel floor to the ceiling axis of the tunnel.

For accurate GPR tests in tunnels, it is recommended to divide
the tunnel under test into smaller parts (units) and analyze them
separately.
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