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Abstract
Road and railway tunnels in cold regions are often affected by problems related to water leakage and
freezing temperatures. Water leakage in a tunnel leads to ice growth when the temperature
goes below freezing and creates favourable environment for fallouts of shotcrete and rock. This
paper presents results and observations from laboratory freezing – thawing experiments on rock
blocks covered with shotcrete and focuses on the degradation of the shotcrete-rock interface
due to ice growth.. The initiation and the development of freeze-induced micro cracks in shotcreterock interface were studied by continuously monitoring acoustic emissions (AE) and temperature.
The clustering of the AE events during freezing and thawing indicates that micro cracks appeared in
the shotcrete-rock interface and caused adhesion failure. The larger number of AE events in the
panels, with access to water during freezing, confirmed that water contributes to material
deterioration and also reduces the adhesive strength.

1 Introduction
Over the past twenty years, Swedish Transport Administration (STA) has observed an
increased number of incidents involving shotcrete and rock fallouts. Several cases of rock and
shotcrete fallouts in different tunnels in Sweden have been reported by Andrén (1995). Field
observations were undertaken by Andrén (2008) in five Swedish railway tunnels. The results show
that the water leaking into the tunnels begins to freeze and ice formations such as icicles and
ice pillars form in the beginning of the winter. This causes major problems related to train
operation, derailment, short-circuit and safety of working environment. A number of international
studies have also shown that functional damage due to icing and frost damage is common in many
countries (ITA, 1995; Lai et al., 1999; Zhang et al., 2004; Thomachot et al., 2005).
Shotcrete is commonly used as surface support in Swedish railway tunnels. There are only a
few studies on debonding of rock-shotcrete due to frost action, e.g. Andrén (2009). This problem is
of a great concern since it can cause fallouts of shotcrete and rock (Andrén, 2009). During the
freezing period, cracking in rock and shotcrete may occur due to development of ice pressure in the
interface that can reduce the overall strength and stiffness of the rock support. The result from a
field survey of the temperature variations in railway tunnels in the northern Sweden
showed that the temperature passed 0C around 20 times during a single winter season (Andrén,
2008).
The micro cracking due to freeze and thaw generates elastic waves which travel through the material
and can be recorded and analyzed. In several recent studies (e.g. Girard, et al. 2012 and Amitrano, et
al. 2012), AE measurements were conducted to monitor freezing-induced damage in alpine
rock-walls. Mainali et.al (2015) studied AE activities in shotcrete during freezing and thawing and
found most of the AE events generated during freezing cycles.
This paper presents results and observations from laboratory freezing – thawing experiments on rock
blocks covered with shotcrete and focuses on the degradation of the shotcrete and the
shotcrete-rock interface. The freezing rate and water access conditions were varied among the
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AE activity - the number of events, source locations and size of the AE events induced by cracking in
the rock-shotcrete interface during repeated freezing and thawing cycles are studied here.

2

Experimental Methods

2.1

Test panels

The bedrock in Sweden is dominated by hard crystalline rocks such as granite, gabbro, and schist. A
thin shotcrete layer of about up to 50 mm is usually used for the rock support in the tunnels. In this
study the specimens for the laboratory experiments were three panels of Kuru granite (fine-grained,
equigranular and isotropic) with a 30 mm thick shotcrete layer to simulate the conditions in the
tunnels. The panels had dimensions 800 x 800 x 50 mm. Eight holes with a diameter of 5 mm were
drilled through the rock panel to supply water to the interface during the laboratory tests (Figure1).
After drilling the test panels were sandblasted and the surface around three of the drill holes were
treated with geotextile, three of the holes with white wax crayon while the surface around the
remaining two holes were left without preparation. The geotextile was used to mimic the conditions
of fracture opening and fracture filling material which would allow the water to be supplied around
the opening. The wax crayon was used to simulate the behaviour of rock surface with poor adhesion.
The sandblasted surface was then covered with 30 mm of shotcrete.

Figure 1

2.2

Plan view of the test panels with temperature sensor locations and drill hole location
with different type of preparation (see the legend)

Freeze-thaw tests

The damage development was studied by evaluating the intensity and the number of events, location
and energy of AE during the 20 freeze-thaw cycles. The freeze-thaw tests were performed at Luleå
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University of Technology in a cooling chamber with a constant temperature of +4 C. The cooling
system consisted of a cryostat (filled with water with 20-30% ethanol) that circulated in copper pipes
at the bottom of the cooling box at a temperature around -15 to -10C. A steel plate was placed on
the top of the pipes to distribute the temperature evenly across the test panel. A layer of sand was
placed on the plate to level the test panel in the cooling box (Figure 2). To ensure identical freezing
and thawing cycles for all test panels, the cooling system was controlled by a temperature relay that
started or stopped the cryostat circulation at a pre-set temperature at the rock-shotcrete interface.
Eight temperature sensors were installed in drilled holes in each panel. A temperature sensor was
placed to monitor the temperature at the rock-shotcrete interface and the rest of the sensors were
located at different depths in the rock and shotcrete as shown in Figure 2. The drill hole used for
installation of the temperature sensors was grouted with epoxy. A water access hose was installed in
each of the other eight drill holes and these hoses were connected to a bucket filled with water
about 1 meter above the test panel (Figure 3).

Figure 2

Simplified sketch of the vertical section of the freeze-thaw lab experiment

Table 1

Test panels with test conditions

Panels

Number
of Cycles

Number
of Days

Temperature at the interface

Access of water

1

20

7

-0.5C to +0.5C

Yes

2

20

20

-2C to +2C

No

A reference panel identical to the other panels was prepared. It was not subjected to freeze-thaw
cycles. It was used for adhesion tests later for comparison. A summary of the test panels with test
conditions is given in Table 1.
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View of the laboratory arrangement of freeze-thaw tests with AE system

Acoustic Emission Monitoring

Acoustic emission (AE) was continuously monitored during the freeze-thaw tests of the three test
panels using a Hyperion Ultrasonic System manufactured by the Engineering Seismology Group
(ESG), Canada. The AE system consisted of eight sensors with pre-amplifiers and digitizers (Figure 3).
ESG data acquisition system UltrACQ, was used for the real-time monitoring of the AE events. 25 mV
threshold voltages was selected for all sensors for the entire test and trigger for recording the AE
event was set to 5 sensors. Each waveform was digitized into 4096 samples at a sampling rate of 5
MHz.
The sensors were single-component piezoelectric type, manufactured by Physical Acoustics
Corporation (R6α model). The output of the sensors is particle velocity. The sensors have a resonant
frequency of ~55 kHz and operate in the frequency range 35-100 kHz and in a wide temperature
range -65 ºC to 175ºC. The sensors were mounted at eight different locations on the top surface of
the test panels using silicon high-vacuum grease as a coupling material. The sensors were kept in the
position by metal brackets and a piece of insulating material. Prior to AE monitoring of each test
panel, UltrACQ was triggered to ensure that the system is working correctly and to check the
background noise. A pencil lead test was also carried out to ensure that the sensors were all working
properly, the coupling of the sensor to the specimen, and to check the accuracy of the sourcelocation setup and the velocity of the seismic waves.

3

AE events – data and parameter estimation

The total number of the triggered and recorded AE events for Panel 1 and 2 was 1640 and 129,
respectively. The minimum magnitude level of the complete recording of the events was estimated
from the bending of the Gutenberg-Richter graph to be around -6.
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3.1

Data

The AE events were recorded and data was processed and analyzed using the software HSS Suite, a
Commercial package designed for industrial seismic monitoring (Engineering Seismology Group
(ESG), 2010). This software allows the user to pick the arrival times of P- and S-waves and to calculate
the source parameters (location, magnitude, total radiated energy, seismic moment, source radius,
etc.) of the AE events. Since this automatic picking did not give satisfactory results all arrival times
were then picked manually to increase the accuracy. An example of AE waveforms recorded during
the tests with the P- and S-wave arrivals clearly shown is given in Figure 4.

Figure 4

3.2

Examples of waveforms from an AE event with magnitude M = - 5.7 with clear P- and Sarrivals shown

Source parameters

The source parameters of the AE events calculated in this study are: source location (hypocenter),
origin time, magnitude, and energy. The accuracy and reliability of the source localization are
influenced by various factors some of which are: the accuracy of the arrival times, the localization
algorithm and accuracy of the velocities of seismic waves, and the location of the sensors. The arrival
time picking is one of the most important factors. The good signal-to-noise ratio allowed P- and Sarrivals to be picked on almost all channels (see Figure 4). The source location was calculated using
both P- and S-wave arrival time data and a simplex algorithm (Nelder and Mead, 1965). This location
algorithm assumes a homogeneous and isotropic material, i.e. a constant wave propagation velocity
for the whole structure and all directions. For hypocenter localizations the test panels were
considered to be homogeneous with an average velocity of the P-waves of 5200 m/s and S-waves of
3000 m/s and Poison’s ratio of 0.25. The average P-wave velocity was estimated using an artificially
generated known source before the experiments started. The S-wave velocity was calculated from
the P-wave velocity and assumed average Poisson’s ratio. The accuracy of the hypocenter locations
with the average P- and S-wave velocities and the position of the sensors on a plane surface (current
position of the sensors) using the data from Hsu-Nielson (pencil lead break) tests (Sause 2011) with
known source showed an error of the order of the  5 mm.
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The results for the source locations of the AE events showed that they were confined in a thin layer
around the interface between the rock and the shotcrete. Event locations outside the rock-surface
interface were not considered. The estimated mean error for 1593 hypocenter locations for all the
experiments was  2.4 mm. Even though the sensor locations were on a plane surface with less than
90 azimuthal coverage, the AE locations did not show some systematic shift. Probably the reason for
this were the well-defined velocities and the multiple P- and S-arrivals with good quality used for the
locations.
The uniaxial magnitude (uMag) was estimated with the ESG WaveVis software. The value was
calculated using the unclipped (good) peak amplitudes of a single component trace recorded by each
sensor. A correction for the geometric spreading using the source-sensor distance was made using
the relation
𝑢𝑀𝑎𝑔 = 𝐴𝑙𝑜𝑔(𝑅. 𝑝𝑝𝑣) + 𝐵

(1)

where ppv is the peak particle velocity in mm/s, R is the distance from the source (hypocentre) to the
sensor in mm, A and B are coefficients with default values A = 1.51 and B = 1.24 in the WaveVis
software. The magnitude for each event was calculated as the average from all sensor magnitudes.
The software does not allow additional correction for the intrinsic attenuation to be applied. Data
from 16 Hsu-Nielson pencil lead tests conducted on the test granite blocks were used to estimate the
magnitude error due to ignoring this correction. The results showed that using eq. (1) gives larger
magnitudes for the sensors which were at larger distances. The estimated difference between the
closest and most distant sensors was in the order of 0.2 to 0.3 magnitude units. Hence we were
overcorrecting the amplitudes. By averaging the data from sensors at different distances we actually
introduced a positive error in the final magnitude in the order of 0.1 to 0.2 magnitude units.
The energy was calculated by the WaveVis ESG software from the integral Jc separately for P and Swaves using the following formula (Engineering Seismology Group (ESG), 2010; Boatwright and
Fletcher 1984)

𝐸𝑐 =

4𝜋𝜌𝑐𝑅2 𝐽𝑐
〈𝐹𝑐2 〉
𝐹𝑐2

(2)

where  is the density of the source material in the medium in kg/m³, c is the seismic wave velocity
(for P-wave or S-wave), R is the hypocentral distance in mm. Jc is the integral of the squared ground
velocity, which by Parseval’s theorem, is the second moment of the power spectrum (Snoke et al.,
1987). Fc is the radiation pattern coefficient (for P-wave or S-wave) which depends on the location
of the specific sensor and the orientation of the nodal planes of the focal mechanism of the source.
〈𝐹𝑐2 〉 is the rms radiation pattern over the whole sphere around the source either for P- or S-wave. In
this study the exact value of the Fc was not known because the focal mechanism was not calculated.
Hence the average value for 𝐹𝑐2 was used instead. The total seismic energy obtained is the sum of the
energy of the P- and S-waves.
In this study, the energy was not calculated directly from the waveforms. Instead, it was calculated
from the magnitude (uMag) using a linear empirical relationship with the log of the energy (E) in
Joules obtained from the AE data recorded during other experiment on similar granite test blocks,
with the same sensors, acquisition system and software (Mainali et al. 2016):
log(𝐸) = 0.5889 𝑢𝑀𝑎𝑔 − 2.5655
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with a correlation coefficient of 0.82.

4

AE events - results

The number of the AE events, their locations, magnitudes and energy distributions in time and space
were obtained for all three panels.
4.1

Number of AE events

For all 20 cycles of the test in Panel 1, around 90 % of AE events were generated during the freeze
periods. Around 95% of the total numbers of AE events in this panel were generated during the first
6 freeze-thaw cycles. The interface of Panel 2 had no access to water. For this panel, most of the
events occurred at the beginning of the test until cycle 4. In total more than 92 % of the events
occurred during the freeze periods.

Figure 5

4.2

Epicenters of AE events and drill hole locations for Panel 1. The colour and the symbol of
the events correspond to their size (magnitude).The legend for the drill hole type is the
same as in Figure 1

Location of AE events

Figures 5 and 6 show the locations of all AE events with magnitude for Panels 1 and 2 respectively,
during 20 freeze-thaw cycles. In Panel 1 (Figure 5) most of the AE events were concentrated in a
cluster approximately 100 x 100 mm around one of the drilled holes with geotextile and the rest of
the events were scattered over the panel. In Panel 2 the very few AE events were scattered in two
large areas.
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Epicenters of AE events and drill hole locations for Panel 2. The colour and the symbol of
the events correspond to their size (magnitude). The legend for the drill hole type is the
same as in Figure 1

Development of the AE Activity

AE source locations were used to investigate the development of AE activity with time. Figure 7
illustrates the spatial distributions of AE events during cycles 1 to 5, cycles 6 to 10, cycles 11 to 15
and cycles 16 to 20 for Panel 1. In Panel 1, the AE events initially were scattered (cycles 1 to 5) but an
area with clustered events started to form. Then the AE events stayed fairly concentrated in the
same cluster for the rest of the cycles.
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Spatial evolution of AE during 20 freeze-thaw cycles for Panel 1 during: a) cycles 1 to 5,
b) cycles 6 to 10, c) cycles 11 to 15, d) cycles 16 to 20.

Energy of AE events

The calculated released seismic energy for individual AE events during freezing and thawing varied
from panel to panel and among the cycles. In Panel 1 most of the AE events released energy of up to
1.5E-06 J, both during the freeze and thaw cycles. In Panel2, the energy was mostly below 7.5E-07 J
without substantial difference for freeze and thaw periods.
The cumulative energy of the recorded events for each cycle of each panel was calculated (Figure 8).
For Panel 1 the cumulative energy gradually increased from the beginning of the test until the end
with some change in the slope of the graph after cycle 14. For The total energy released for Panel 2
was very small compared to that Panel 1. . The cumulative energy associated with Panel 2 increased
slightly until cycle 3 and then stayed almost a constant. The final accumulated energy in Panel 1 was
approximately 27 times larger than in Panel 2.
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Cumulative AE energy for all freeze-thaw cycles for all panels. Different colours of the
lines and symbols correspond to different panels (see the legend).

Adhesion test - results

Once the test panels had been exposed to the freeze-thaw tests, eight cores, concentric to the holes
for water supply (5 mm diameter) and with a diameter of 94 mm, were drilled from each panel.
These rocks – shotcrete interfaces were subjected to tensile loading and the adhesion was evaluated.
The adhesive strength of the tested interfaces showed a large scatter and did not show any strong
correlation with surface treatment, water conditions during the test or freezing-thawing
characteristics. The same scatter is observed for the shotcrete-rock interfaces tested by Saiang et al.
(2005).

6

Discussion

The aim of the AE monitoring in this study was to identify the intensity and the spread of the
deterioration that occurs in the rock–shotcrete interface due to ice pressure. In this case, the AE
signals were used as an indicator of the actual crack growth/debonding using their number, location,
magnitude and the seismic energy.
In Panel 1 the AE events continued through the whole test and were concentrated within a small
cluster (Figure 5) around one of the drill holes prepared with geotextile. This implied possible
cracking and/or debonding within a limited area. The expansion of the area with AE events (Figure 5)
indicated that the cracking and/or debonding area slightly increased during the test.
The AE activity in Panel 2 was considerably lower than that in the other test panels. Most of the
events occurred at the beginning of the test until cycle 4. The energy and the magnitude of the AE
events were also low compared to those registered in the other panels.
The energy (or magnitude) range of the AE activities depends on the nature and source of
cracking/debonding. The larger energy and magnitudes associated with most of the events recorded
in Panels 1 is probably a result of the debonding of the shotcrete-rock material while the smaller
events recorded in Panel 2 are micro-cracking developed at the interface or in pores due to ice
expansion or induced by the ice formation itself. There is one other possible source of the AE
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emission – the ice forming or thawing itself. Previous studies showed that AE can be recorded during
crystallization and melting (e.g. Sakharov 1994; see also the references there).

7

Conclusion

The results showed that:
 Most of the acoustic emissions occurred during the freeze cycles.
 More AE events with higher energy and magnitudes occurred in the panel with access to
water during freezing-thawing (Panels 1) compared to those without access to water (Panel
2).
 In general, the number of AE events and their magnitude decreased with increasing the
number of freeze-thaw cycles.
 The spatial distribution of the AE in the later cycles took place in the areas with previously
observed AE during earlier cycles of freezing and thawing.
 The transition of water into ice and the associated expansion causes deterioration in the
rock-shotcrete interface. The deterioration depends on the freezing rate, freezing intensity
(temperature range), degree of water saturation, and the duration of the water flow. This
makes it difficult to interpret which factor is most critical for the damage in the rockshotcrete interface.
 Most probably the observed AE are caused by three different processes: debonding, microcracking and ice forming/melting.
 The adhesive strength evaluated from the test and reference panels showed a considerable
scatter (Andrén, 2009) which has also been shown for “virgin” samples in an earlier study
(Saiang et al. 2005).
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