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ABSTRACT 
In rock tunnels in regions with colder climates, the load-bearing structure, including the rock and the 
reinforcing elements, is exposed to repeated destructive freezing and thawing cycles during the winter. 
If water accumulates in cracks or in the interface between rock and shotcrete, frost shattering may 
occur. If there is adequate adhesion between the rock and shotcrete, degradation of the shotcrete as a 
reinforcement element due to frost shattering should not present a problem. However, if adhesion is 
poor, a small void will form between the rock and the shotcrete where water can accumulate. If the 
water in these voids is subjected to freeze-thaw cycles, ice will develop, thus exerting pressure on the 
interface and causing the shotcrete to crack and degrade. In tunnel sections with complex water 
conditions, for example, relatively water-bearing open joints and weak zones, the adhesion of the 
shotcrete and its stability and reinforcing effect may be strongly affected when exposed to freezing 
temperatures. This article describes a laboratory study that comprised freeze-thaw tests on shotcrete-
rock panels with the objective of studying how water migration affects the growth of ice and the ice 
pressure in the shotcrete-rock interface to better understand the degradation of the reinforcing effect of 
shotcrete. 
KEYWORDS: Freeze-thaw test, frost shattering, tunnel, degradation of shotcrete, cold climate. 

  INTRODUCTION AND BACKGROUND 
Every winter, several traffic tunnels located in Scandinavia and other cold climate countries are 

affected by problems related to water leakage and freezing temperatures. Water causes ice to form 
along the tunnel contours in the form of icicles and pillars that can damage the tunnel structure, 
handrails, cable racks, drainage systems and other installations. Icicles can fall when trains pass by 
and damage vehicles, and ice formations can obstruct train passage causing costly delays. In the worst 
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case, they can even cause serious accidents involving passengers or maintenance staff. These 
problems and hazardous risks necessitate considerable maintenance efforts during winter. The 
problem of ice is of greater concern when it occurs in the fracture network close to the tunnel contour 
or in the interface between the rock and shotcrete, since it accelerates the degradation process of the 
load-bearing structure and jeopardizes stability due to fall-outs of both shotcrete and rock. 

In the early 2000s, there was an increase in reported incidents of rock and shotcrete fall-outs in 
Swedish railway tunnels. To mention a few, rock falls were reported from the Bergträsk, Aspen and 
Kålgård tunnels and shotcrete fall-outs were reported from the Gårda, Nuolja and Bergträsk tunnels 
(see Figure 1 and Figure 2). Inspections of these tunnels showed that frost action was one of the major 
reasons for movement (displacement and rotation) of rock blocks, and some of the crack surfaces 
were covered by thin layers of ice. Shotcrete usually falls out as sheets, which often are covered with 
ice on the interface side, i.e. the side that was attached to the tunnel roof/wall. Furthermore, the 
exposed rock surface was often covered with ice. This implies that water had accumulated in the 
interface between rock and shotcrete [1]. These reported incidents led to several investigations 
initiated by the Swedish National Rail Administration, which in 2010 merged with the Swedish Road 
Administration and became the Swedish Transport Administration. 

 

 
Figure 1: Shotcrete fall-out from 2003 in the roof of the Nuolja tunnel [2] 
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Figure 2: Tunnels in Sweden with reported incidents of rock and shotcrete fall-out 

A survey was initiated in 2004 with the aim of gathering general information on water leakage 
problems and how they affect tunnels when subjected to freezing temperatures. There are many 
factors that determine whether frost or ice formations will appear in tunnels and how they will affect 
the rock structure and reinforcing elements. These include the quality of the rock mass condition 
(intact, blocky, degree of fracturing and weathering), rock overburden, groundwater level, 
precipitation, tunnel design, quality and success of measures taken during construction of the tunnel, 
such as grouting, reinforcement, support and location of frost-insulated drainage and, of course, 
temperature conditions in the region where the tunnel is located. To collect information on ice 
formation problems, field observations were undertaken in five of Sweden’s railway tunnels between 
autumn 2004 and summer 2005. These tunnels were inspected on four different occasions to 
determine how the problems varied throughout the year. The field observations showed that water can 
continue to leak for a long time, even at freezing temperatures, if the freezing rate is slow. This can 
produce formations such as icicles and ice pillars in the tunnels that are continuously growing and 
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may constitute a major problem as seen in Figure 3. If a freezing period has a long duration, the rock 
surface around the tunnel periphery will reach freezing temperatures that propagate into the rock. 
After some time, depending on the magnitude of the freezing temperature, the leakage spots become 
frozen. Icicles are created, which act like plugs for the leakage spot and the growth of ice formations 
is halted. If the leakage is subjected instead to short periods of freezing and thawing, the water in 
fractures will never become frozen and water will continue to leak and thus the ice formations 
continue to form and extend [2], [5]. It is generally accepted that when water freezes in a rock 
fracture, the expansion of the ice creates tensile stresses, which tend to propagate the fracture [8]. If 
the freezing and thawing occurs in the interface between rock and shotcrete, ice pressure can develop, 
causing propagating adhesive failure and allowing for fracturing of the interface between shotcrete 
and rock and disintegration of the shotcrete itself [24]. 

 

Figure 3: Typical ice formation problems that may develop in unlined tunnels [2] 

 a)  Icicles in the tunnel roof 

 b)  Ice layer spread out over the tunnel floor  

 c)  Ice pillars on the tunnel wall 
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The study presented in this paper aims to improve the understanding of the degradation processes 
of rock and shotcrete that are caused by frost shattering [4]. The focus is on the problem of 
degradation of the interface between rock and shotcrete due to ice pressure and frost shattering. 

 

DEGRADATION OF ROCK AND SHOTCRETE CAUSED BY 
ICE PRESSURE AND FROST SHATTERING 

  Adhesion 
Poor adhesion can occur between rock and shotcrete, causing the shotcrete to fall out. However, it 

is not clear whether the reported fall-outs result from poor adhesion due to quality problems during 
the process of applying the shotcrete, as an effect of degradation or as a combination of these two 
factors. 

The reinforcing effect and the stability of shotcrete in a tunnel is entirely dependent on the 
adhesion to the rock surface when it is applied with normal thickness and not acting as a supporting 
arch. It is therefore important to take all available measures to ensure good adhesion. One of these 
measures is to thoroughly clean the rock surface prior to shotcreting [24]. A study by Malmgren et al. 
[20] showed that adhesion between rock and shotcrete is one of the most important properties that 
determines its supporting effect, and that adhesion strength mainly depends on treatment (scaling and 
cleaning), roughness of the rock surface, mineral composition of the rock and the shotcreting 
technique used. One objective of the study was to investigate the influence of surface treatments 
(scaling and cleaning) on the adhesion strength of shotcrete. To do so, several pull-out tests were 
performed on over-cored samples on a rock wall covered with sprayed concrete. The study showed 
that when the rock surface was prepared with the normal treatment before shotcreting (flushing of 
water at a high nozzle pressure of 0.7 MPa), most of the failure surfaces were located within the rock 
(rock to rock failure). When the rock surface was prepared with water jet-scaling (at a pressure of 22 
MPa), a greater proportion of the failures were located at the interfaces between the shotcrete and the 
rock (rock to shotcrete failure). Malmgren [19] showed that when the rock surface was cleaned by 
water-jet scaling instead of normal treatment, the adhesive strength increased from 0.21 MPa to 0.61 
MPa. Saiang et al. [23] carried out laboratory tests on rock-shotcrete interfaces and found that the 
cohesion (shear) was 0.50 MPa and the adhesion (normal) was 0.56 MPa for the rock interfaces 
tested. The rock samples were mainly magnetite iron ore and trachyte from the Kiirunavaara mine. 
The joint roughness of the tested surfaces was JRC = 1 – 3. For JRC = 9 – 13, only the cohesion could 
be obtained, and it was 1.37 MPa. 

Hahn [14] conducted tensile tests to determine the adhesive strength between shotcrete and 
different rock types of varying surface roughness and observed that breakage occurred (i) in the rock 
material, (ii) at the interface between rock and shotcrete (adhesion failure) and (iii) in the shotcrete. 
The most frequent breakage was an adhesion failure, except in the case of porous sandstone and 
limestone, where breakage occurred in the rock and the shotcrete, respectively. The results showed 
that the adhesive strength is influenced by both the roughness of the rock surface and the mineral 
composition. As shown in Figure 4, a rough surface gives a higher value for adhesive strength than a 
smooth one. Hahn’s result also showed that the type of feldspar in the granite samples affected the 
adhesive strength, and his tests proved that both the mineral composition and the roughness of the 
rock surface affected the adhesive strength measured, from which he concluded that the mineral 
composition had a greater effect than the roughness. 
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Figure 4: Adhesive strength between shotcrete and different rock types and roughness of 
the rock surfaces (after [14] – from [20]) 

  Water migration 
The 9% volumetric expansion and the corresponding pressure of the stationary water in pores and 

the fracture network was long thought to be the primary cause of frost shattering in rock. However, an 
additional mechanism was presented by Everett in 1961 [9]. He suggested that capillary suction 
causes water migration towards the freezing front, and when this additional water freezes, the ice 
pressure increases which leads to continuous shattering of the rock.  

Experimental work has shown that at subfreezing temperatures, a considerable amount of water 
remains unfrozen in the rock mass and tends to migrate through the frozen fringe (Figure 5) towards a 
freezing center [27], as it does in soil. Water always strives to achieve the lowest energy possible, 
which leads unfrozen water to migrate from warmer to colder zones, since the energy level there is 
lower as shown in Figure 6 [16]. 
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Figure 5: Frozen fringe – the zone between the frozen and the unfrozen layers 
(modified from [27]) 

 

 

Figure 6: Energy level of water in proportion to the distance from the mineral particle 
(modified from [15]) 

Water migration in freezing porous rock was observed in laboratory tests performed by Fukuda 
and Matsuoka [12] and Fukuda [13]. These experiments showed that water migration could be 
responsible for frost shattering. Matsuoka’s laboratory tests [21] on the effect of access to water 
during freezing led to a hypothesis that frost shattering was controlled by a combination of the two 
processes: volumetric expansion of the existing water and the additional water due to water migration, 
which was also suggested by Tharp [26]. 

  Ice pressure 
If there is adequate adhesion between rock and shotcrete, the condition for development of 

degradation is restricted. But if adhesion is poor, even on a small area around a rock crack opening, a 
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small void will form at the interface between the rock and the shotcrete where water can accumulate. 
If the water in the voids is subjected to freeze-thaw cycles, unfrozen water can migrate to the frozen 
fringe. Ice will develop at freezing temperatures, thus exerting pressure on the interface and causing 
the shotcrete to crack and degrade. In areas with complex water conditions, for example, where there 
are relatively open joints and fissures, the adhesion and thus the stability and reinforcing effect of the 
shotcrete may be strongly affected.  

The pressure generated by ice growth in a crack is a result of the stiffness of the adjacent 
material. Thus, the stiffer the material, the greater the magnitude of the ice pressure (e.g. [17]). 
Expansion of ice in an edge crack is mechanically similar to compression of material between two 
stiff plates as they move towards each other. In either case, extrusion of the confined material occurs 
if its tensile strength is exceeded and when the cracked walls are pressed away from each other, the 
ice pressure decreases [26]. Walder and Hallet [27] developed a theoretical model of ice growth 
within cracks on the assumption that progressive crack propagation results from water migrating to 
ice bodies in cracks, similar to the process in which water migrates to ice lenses in freezing soil. 
According to Tharp [26] this water migration creates an expansion of the ice layer, which can apply 
pressure to the cracked surfaces. 

The volumetric expansion that occurs when water turns to ice will occur despite the very stiff 
adjacent material. The adjacent material needs to exert a pressure of 13.7 MPa for each degree of 
decrease in temperature in order to prevent ice formation and the resulting volumetric expansion 
(from [11]). This value exceeds the tensile strength of most rock, which is of the order of 10 MPa for 
hard rock (e.g. [22]). It also exceeds the adhesive strength between rock and shotcrete (Figure 4) and 
the tensile strength of shotcrete (for example 4 MPa according to [6]). Because the tensile strength of 
the adjacent material is lower than the pressure needed to prevent ice formation, the material yields to 
the pressure and thus cracks will appear. 

The conventional view has been that frost shattering is the result of the 9% volumetric expansion 
during the water-ice phase transition as during freezing. Ice pressure increases almost linearly from 
0 MPa at 0 °C to a maximum of 207 MPa at -22 °C, which is attained if water pressure equals ice 
pressure during freezing [7]. This can theoretically only occur if the water is constrained in a perfectly 
rigid body [26]. At temperatures below -22 °C (the ice pressure melting point), the pressure decreases 
because the ice begins to contract. Although, the maximum value of the ice pressure is almost 
certainly never reached or even approached, since several factors operate to reduce it. Firstly, the 
water or ice must be contained within a closed system for high pressures to develop, which usually 
means conditions of extremely rapid freezing from the surface and downwards, which seals the pores 
and cracks in the rock. Secondly, air bubbles in the ice and pore spaces within the rock reduce 
pressure considerably. Thirdly, and probably most importantly, the mechanical properties of the rock 
itself (deformation modulus and strength), and certainly the soil mantle are not strong enough to 
withstand such extreme pressures, especially since it is a tensile force rather than a compressive force. 
As a result, the actual pressure developed by the freezing of water in rock is much less than the 
theoretical maximum [10].   

PREPARATIONS FOR THE FREEZE-THAW TESTS 
Since the development of ice pressure in the cracks and in the interface between the rock and the 

shotcrete is believed to be caused by (i) volumetric expansion of existing water during freezing and 
(ii) the tendency of water to migrate to the frozen fringe and cause ice growth, it was decided to 
conduct a series of laboratory experiments under controlled conditions. 
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The laboratory study comprised freeze-thaw tests on shotcrete-rock panels and was performed to 
investigate how water migration affects the growth of ice and ice pressure in the shotcrete-rock 
interface. The tests were performed on saturated panels both with and without access to water during 
freezing as a means of determining the difference in degradation under varying water conditions. A 
small area of poor adhesion around a rock crack opening can initiate a void in the shotcrete-rock 
interface. Ice pressure can develop in that void, causing adhesion failure and shotcrete degradation if 
there is access to water [4]. 

The temperature at the interface oscillated 20 times around 0 °C in order to allow potential water 
in the interface to freeze and subsequently thaw and allow more water to reach the interface area 
through water migration. These laboratory tests thus represent deterioration in the shotcrete-rock 
interface when subjected to the equivalent of a single winter season of freeze-thaw cycles. The 
number of freeze-thaw cycles were chosen based on results from field measurements for tunnel air 
temperature in northern Sweden (the Glödberget tunnel near Umeå) during a single winter season, 
when the temperature was found to pass the zero mark some 20 times (see Figure 3.1 [3]). 

 

Figure 6: Oscillation of temperature in the Glödberget tunnel, 200 m in from the 
southern entrance [3] 

To evaluate whether degradation occurs, acoustic emission (AE) measurements during the 
freeze-thaw test as well as direct tensile strength tests of cored samples were performed. The AE 
measurement is a non-destructive test and can be used continuously during the freezing test without 
influencing the results. The direct tensile strength test is a destructive test method, which is used to 
determine the adhesive strength between shotcrete and rock after the freeze-thaw tests [25]. 
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Preparation of test panels for the freeze-thaw test 
The test panels were made of Kuru granite, which is a fine-grained, equigranular and isotropic 

granite. The panel dimension was 80×800×800 mm, with a tolerance of ±3 mm for length and 
thickness and ±1 mm for plane-parallel surfaces. 

Boreholes to simulate water-bearing fractures were drilled through the rock panels to enable the 
supply of water to the shotcrete-rock interface. The boreholes had a diameter of 5 mm. After drilling 
the holes, the test panels were sandblasted before applying the shotcrete to ensure good adhesion 
between the rock surface and the shotcrete. However, before applying the shotcrete, eight holes were 
bored in each panel in a specific pattern (Figure 7). Six borehole entries (at the rock-shotcrete 
interface) were prepared to decrease the adhesion and two boreholes were left unprepared as 
reference samples with good adhesion. 

Various materials were tested to simulate and initiate a small area (diameter 30 mm) with poor 
adhesion around the boreholes, which allowed water to migrate towards the interface between rock 
and shotcrete. Such a material had to have poor adhesive qualities yet be rugged enough to withstand 
wear during shotcreting. Two materials were selected after testing: geotextile (Typar 3377 with a pore 
size of 180 μm and a thickness of 0.46 mm), which was fixed to the rock surface by four small dots of 
glue (Tremco Tremsil 600) at the outer edge of the circle, and a white wax crayon which provided a 
non-adhesive surface. The geotextile was used to imitate the conditions close to a fracture opening 
and to simulate the properties of the fracture filling material. Fracture filling can contribute to poor 
adhesion due to the involvement of weathered material and it can also carry water from the rock mass 
towards the tunnel wall. The wax crayon was used to imitate the behavior of rock surfaces with poor 
adhesion that may be due to the mineral composition of the rock mass or inadequate cleaning of the 
rock surface with water prior to shotcreting. The surface was then covered with 50 mm frost-resistant 
shotcrete (Maxit C 100/300 Anl 4 mm). After preparation and curing, the panels were placed in a 
water reservoir for at least two weeks to ensure a water-saturated condition before starting the freeze-
thaw test. 
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Figure 7: Preparation of the test panels. This picture shows the interface between rock 
and shotcrete. The preparation is on the rock surface. 

 

Experimental arrangement 
Arrangement of the freeze-thaw experiment  
The freeze-thaw tests were performed in a cooling chamber (Complab at Luleå University of 

Technology) at a constant temperature of +4 °C. The test panels were put in a box of cellular plastic 
insulation with cooling done from the shotcrete side of the panel to simulate a tunnel situation. The 
cooling system consisted of a cryostat (water with 20-30% ethanol) that circulates in copper pipes at 
the bottom of the box at a temperature of around -15 °C. To even out the temperatures across the test 
panel, a steel plate was placed on top of the pipes and a layer of sand was then placed on the plate to 
level the test panel in the box (Figure 8). 
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Figure 8: Arrangement of the freeze-thaw test experiment 
To ensure identical freezing and thawing cycles for all the test panels, the cooling system was 

controlled by a temperature relay that started or stopped the cryostat circulation at the pre-set 
temperature of the temperature sensors placed at the shotcrete-rock interface. The intention was to 
induce the freezing front to oscillate close to the interface, to enable water migration and to simulate 
natural temperature fluctuations. The shotcrete-rock interface in the panels was subjected to 20 
freeze-thaw cycles. 

A water access hose was installed in each borehole (Figure 9). These hoses were connected to a 
bucket filled with water about 1 m above the shotcrete-rock interface to generate water pressure with 
a one-meter water head (Figure 10). The water head around the periphery of a grouted tunnel varies 
but a one-meter water head was selected as a reasonable value for the experiment. 
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Figure 9: Arrangement of the freeze-thaw test experiment 

Figure 10: The experimental arrangement 
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Arrangement of the acoustic emission monitoring  
Acoustic emission monitoring (AE) was performed by Mainali et al., [18] and was used to 

monitor the progress of the failure of the shotcrete-rock interface. The test was carried out in 2D but 
during measuring and processing of the data, the system considered the depth of the events. This 
ensures that the location of the events will appear from the shotcrete rock interface. AE was 
continuously monitored during the freeze-thaw test of the test panels. The system consisted of eight 
sensors (Figure 11), eight preamplifiers, an AE acquisition system and a computer. The ESG program 
UltrACQ was used for the real-time monitoring of the AE events for all the tests and was set to record 
all events that triggered more than four piezoelectric sensors. More information about the AE system 
can be found in [18] and [4]. 

 

 

Figure 11: Location of the AE and temperature sensors for all test panels viewed from 
the rock surface. This photo shows test panel number 4. (Photo: Ganesh Mainali) 

Test samples for the adhesive strength test 
After the test panels had been exposed to the freeze-thaw tests, eight cores with a diameter of 

94 mm were extracted from each shotcrete-rock panel (Figure 12). The cores were drilled centrically 
by over-coring the 5 mm boreholes (numbers 1 to 8 in Figure 7). Uniaxial tensile tests were then used 
to determine the adhesive strength of the shotcrete-rock interface. 
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Figure 12: Test sample of shotcrete-rock core 

 RESULTS OF THE FREEZE-THAW TESTS 
In total, three panels were subjected to the freeze-thaw tests with different water conditions (panel 

numbers 4, 5 and 7), and panel number 6 was a reference panel that was not subjected to freezing and 
thawing. Test panels numbers 5 and 7 were subjected to freeze-thaw cycles and were saturated with 
access to water during freezing. The last test panel, number 4, was subjected to freeze-thaw cycles 
and was water saturated but without access to water during freezing. The naming convention X:Y is 
used when referring to boreholes and test samples, where X is the number of the panel and Y stands 
for the number of the borehole it relates to. 

Temperature monitoring 
The test panel was placed in the cooling chamber at a temperature of +4 °C and the freeze-thaw 

test started when the panel had reached the same temperature as the chamber. The cryostat in the first 
freezing test had a temperature of -15 °C. The system was controlled by the temperature sensors in 
the shotcrete-rock interface (Figure 11). When the freezing front had passed the shotcrete-rock 
interface, and the temperature sensor had reached 0.5 °C the cooling system circulation stopped, and 
the thawing phase could begin. When the temperature was +0.5 °C at the shotcrete-rock interface the 
cooling system circulation was re-initiated, and the freezing phase started all over again. These 
temperatures were selected to enable water migration, which can be inhibited if the temperature is too 
low or if the freezing rate is too rapid [27].  

The first freeze-thaw test was performed on panel number 5. When the results from the AE 
measurements were analyzed, they showed that the AE events did not spread out over the test panel 
as expected. It was suspected that the boreholes did not have free access to water because the 
difference between the start and stop temperatures was too small. To ensure that freezing and thawing 
would occur, start and stop temperatures were changed to +1 °C and 1 °C and panel number 5 was 
subjected to a further 20 freeze-thaw cycles. Because of the problem with the first tests of panel 
number 5, to ensure that freezing and thawing would occur in panel number 7, the start and stop 
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temperatures were changed, first to +1.5 °C and 1.5 °C, and later to +2 °C and -2 °C. Subsequently 
the temperature was more uniformly distributed over the whole panel. In addition, the cryostat 
temperature was changed to 10 °C, which led to more regularity in the temperature distribution. 
Figure 13 shows the temperature monitoring of panel number 7. 

 
Figure 13: Temperature at the shotcrete-rock interface (5A and 5B are temperature 
sensors placed in panel as shown in Figure 11) and in the cryostat for the test on 

panel number 7 

Acoustic emission measurements 
The following figures illustrate the AE events. Every dot indicates a recorded event that triggered 

more than four sensors. If the events triggered four or fewer sensors that event was not considered in 
the analysis. This gives more reliable data and high accuracy in the locations of these events. The 
color of the dot represents the number of sensors that were triggered during that specific event. Red 
dots mean that AE signals from eight sensors were used to locate the event, yellow dots indicate AE 
signals from seven sensors, blue dots AE signals from six sensors and purple dots AE signals from 
five sensors. All figures are viewed from the rock surface. 

Panel number 5  
The first freeze-thaw test was performed on panel number 5, which had access to water during 

freezing. The first 20 cycles had a total of 1640 AE events and there was an obvious concentration of 
events around borehole 5:5 (Figure 14 and Figure 15). The following 20 cycles only had a total of 82 
AE events. 
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Figure 14: Location of AE events for the first 20 cycles for panel number 5 

 

Figure 15: Accumulated AE events for different freezing cycles for panel number 5 
Figure 16 shows the number of AE events for each cycle, which decreased gradually during the 

test for the first 20 cycles. 
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Figure 16: Number of AE events in each freezing cycle for the first and second test on 
panel number 5 

Panel number 7  
Panel number 7 had access to water during freezing and Figure 17 shows the total number of AE 

events (1603) for the 20 cycles. There was a concentration of events around boreholes 7:7, 7:5 and 
7:3 and in the area between boreholes 7:8, 7:6 and 7:4. 

Figure 18 shows the increase in the number of events for different freezing cycles. Each figure 
shows the accumulated number of events. Figure 19 shows many events during the first six cycles, 
which decrease drastically during the following cycles. 
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Figure 17: Location of AE events for panel number 7 

 

Figure 18: Accumulated AE events for different freezing cycles for panel number 7 
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Figure 19: Number of AE events for each freezing cycle for panel number 7 

Panel number 4  
The test on panel number 4 differed from the other two panels. It was water saturated but panel 

number 4 had no access to water during freezing. This panel had far fewer AE events than the other – 
only 129 events compared to over 1600. Figure 20 shows the location of all the AE events for panel 
number 4. There was no obvious concentration of events around any borehole, which was expected, 
since this panel had no access to water through the boreholes.  

Figure 21 shows the increase in the number of events for different freezing cycles. Each picture 
then shows the accumulated number of events. Figure 22 shows the number of AE events for each 
cycle. In the first four cycles, a few AE events occurred while during the rest of the test the AE 
activity was almost negligible. 
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Figure 20: Location of AE events for panel number 4 

 

 

Figure 21: Accumulated AE events for different freezing cycles for panel number 4 
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Figure 22: Number of AE events for each freezing cycle for panel number 4 
 

  Adhesive strength test 
Table 1 shows the adhesive strength for all panels obtained from direct tensile tests of the 

shotcrete-rock interface [4]. The adhesion of the shotcrete-rock interface for reference panel number 6 
(not subjected to freeze-thaw test) showed a wide variation with some surprisingly low values. For 
two samples from panel number 5 (5:2 and 5:6 wax crayon), the shotcrete separated from the rock 
immediately when the tensile test started, so the value is zero. One sample from panel number 7 
(sample 7:2) had a breakage in the shotcrete instead of an adhesion failure and was therefore excluded 
from further evaluations. When sample number 4:3 for panel number 4 was fixed to the tensile 
machine, it was exposed to an accidental movement, which probably damaged the sample and 
therefore this value was excluded from further evaluations. 
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Table 1: Results of tensile tests for all panels 
Sample number  Preparation Adhesive strength (MPa) 

  

 
 Panel no. 6 

reference 
panel 

Panel no. 5 
access to 

water 

Panel no. 7 
access to 

water 

Panel no. 4 
no access to 

water 
1 Unprepared 0.58 0.35 0.51 0.23 

3 Unprepared 1.31 0.54 0.37 0.001 

2 Wax crayon 0.44 0.00 2.722 0.40 

4 Wax crayon 0.45 0.23 0.23 0.28 

6 Wax crayon 0.26 0.00 0.44 0.74 

5 Geotextile 0.21 0.31 0.22 0.30 

7 Geotextile 1.09 0.68 0.24 0.40 

8 Geotextile 0.83 0.70 0.50 0.54 

1Sample subjected to accidental movement.  
2Breakage in the shotcrete. Sample excluded from further evaluations. 

  ANALYSIS OF THE RESULTS 

  Acoustic emission measurements 
The difference in the number of AE events between the panels that had access to water during 

freezing (numbers 5 and 7 over 1600 events) and the one that did not (number 4 only 129 events) 
shows that water access causes more events. This may confirm that water contributes to material 
deterioration and may do so in the case of reduction of adhesive strength. 

Some of the events are concentrated at the location of the boreholes, which was expected for 
panels with access to water during freezing. There was no concentration of events at any particular 
borehole in panel number 4, which had no access to water. The events in panel number 4 might 
indicate that the freezing of the pore water, which probably migrated towards the frozen areas of the 
panel, caused micro adhesive failure of the shotcrete-rock interface. Most of the events occurred at 
the beginning of the test (see Figure 22). An explanation might be that after some cycles, all free 
water had migrated and therefore there was no further increase in tension in the interface. The lack of 
access to water in panel number 4 meant that the number of events decreased considerably compared 
to panel numbers 5 and 7, as all the free water had already migrated during the early cycles. However, 
most of the events for all panels occurred where the boreholes were located, and almost no events 
took place near the panel borders. Hence, the boreholes and their preparation clearly cause 
disturbances at the shotcrete-rock interface (see Figure 14, Figure 17 and Figure 20). 

Freezing and thawing of panel number 7 occurred as planed and the interface had access to water 
during the entire test. Many events took place at the beginning of the test. After six cycles, the 
number of events decreased dramatically. A possible cause of this decrease may be the fact that ice 
formations in the interface had reached their maximum size under these circumstances, i.e. access to 
free water under the prevailing temperature conditions. To get the ice to grow further, the free water 
needed more time to migrate towards the freezing zone, i.e. the freezing cycles needed to be longer. 
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These ice formations caused adhesion breakage of the interface, which in turn caused many of the 
events at the beginning of the test. When the ice growth halted despite continued freezing cycles, 
damage to the interface stopped, and the number of events decreased.  

The test of panel number 5 had problems in the temperature range, which caused constant 
freezing of the interface. In other words, the area around the interface neither froze nor thawed, which 
probably resulted in the absence of any access to free water for most of the boreholes. Therefore, 
there were fewer events at the beginning of the test, except for borehole 5:5, which probably had 
access to free water. However, in this case, considering that the panel had one long freezing cycle, the 
free water had more time to migrate towards the freezing zone compared with panel number 7 as 
discussed above. 

Another observation during the AE measurement was that for some of the boreholes with access 
to water during freezing, the events were more scattered around the center of the borehole. This was 
in panel number 5 and most evident for borehole number 5:5, which was prepared with geotextile. 
For panel number 7 this kind of scatter of the events was also evident around boreholes 7:7 and 7:5, 
which were prepared with geotextile, as well as smaller spreading around borehole 7:3, which was 
unprepared. The scattering of the location of the events indicates that micro cracks appeared in the 
shotcrete-rock interface and caused adhesion failure. 

Mainali et al. [18] found that most of the acoustic emissions occurred during the freezing cycles 
and that more AE events with higher energy and magnitudes occurred in the panels with access to 
water during freezing. 

  Adhesive strength 
When calculating the deterioration of adhesive strength in relation to the reference panel, it was 

shown that the average adhesive strength of the samples that had access to water during freezing had 
decreased by 47% and those that did not have access to water decreased by 45% (Table 1). The 
results of the tensile tests show that the adhesive strength deteriorates when the panels are subjected 
to freeze-thaw cycles, but also that there is no great difference in adhesive strength whether the panel 
has access to water or not during freezing. The reason for this may be that all the panels were water 
saturated when they were tested. Consequently, the pores in panel number 4 could have contained so 
much water that it could migrate to the interface and cause damage during freezing, although the 
panel did not have access to free water during the freeze-thaw test. It would thus have been 
interesting to perform freeze-thaw tests on a completely dry panel. This was discussed at an early 
stage in the project, but the idea was rejected because conditions in a tunnel situation are never 
completely dry. However, it would have been a good idea to test a dry panel in order to understand 
the problem of water migration. Consideration of the obvious difference in the number of AE events 
between the two different water conditions makes it clear that some activity is occurring when the 
panel has access to free water during freezing. 

  DISCUSSION 
During the field investigations of railway tunnels, several cases of rock and shotcrete fall-outs 

were observed. The fall-outs often occurred in wet areas, i.e., in tunnel sections with groundwater 
leakage problems. This is probably because access to water during freezing deteriorates the rock, the 
shotcrete and the shotcrete-rock interface and consequently reduces the load-bearing capacity of the 
tunnel.  

Therefore, the aim of the tensile test was to reveal whether ice growth causes more damage to the 
shotcrete-rock samples that had access to water during freezing than those samples that did not have 
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access to water. Figure 23 and Figure 24 show the total results of the laboratory tests as regards the 
preparation of the boreholes, adhesive strength and the AE measurements. 

 

  

Figure 23: a) Results of adhesive strength for reference panel number 6 

 b) Results of AE measurement and adhesive strength for panel number 4  
(no access to water) 
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Figure 24: a) Results of AE measurement and adhesive strength for panel number 5 
(access to water) 

  b) Results of AE measurement and adhesive strength for panel number 7  
(access to water) 

For panel number 5 most events appeared around borehole 5:5 (Figure 24a). The results of the 
tensile test were expected to show that this sample had the lowest adhesive strength, but that was not 
the case. The value for sample number 5:5 was 0.31 MPa, which is not particularly high but nor is it 
the lowest value. No events occurred around borehole number 2 for any of the test panels, although it 
had the same wax crayon preparation as borehole numbers 4 and 6. The adhesive strength of borehole 
number 2 was relatively low given the absence of AE events for all the panels.   

The scatter in the results of the laboratory tests performed in this project indicates that further 
investigations need to be done in order to establish reliable theories on how small areas of poor 
adhesion affect the degradation of the interface between rock and shotcrete. Indeed, the adhesion 
strength tests performed in this study were too coarse for its purpose. The following error factors may 
have affected adhesion: 

• the drilling of the test samples may have disturbed the interface between rock and shotcrete 
and affected adhesion 

• centering over the boreholes during drilling and gluing of the specimens, or the sample may 
have been skewed during the tensile test 

• adhesion usually varies when applying the shotcrete on rock, which creates difficulties in 
comparing different test samples with each other 

http://www.ejge.com/Index_ejge.htm


Vol. 25 [2020], Bund. 01  27 

Another difficulty was that the method used (adhesive strength test) is a destructive test method 
and adhesion can never be compared before and after freezing for one and the same test sample. That 
was one of many difficulties in proving that deterioration of adhesion is caused by frost shattering. 
Analysis of the adhesive strength test could be improved by: 

• Using a larger diameter of the test samples to reduce interference from drilling 

• Using dyestuff in the water to see how much of the sample was in contact with the surface 

• Using ultrasound to see how the surfaces are separated from each other. 

However, the results of the laboratory tests showed that more AE events take place in a panel 
when it has access to water during freezing, and that the adhesive strength between rock and shotcrete 
decreases after the test panels are subjected to freeze-thaw cycles. The reduction in the adhesive 
strength of the test samples was about 50% when subjected to freeze-thaw tests (see section 
“Adhesive strength”). These results indicate that access to water affects ice growth and ice pressure in 
the shotcrete-rock interface when it is exposed to freezing temperatures, which contributes to material 
deterioration. 

In the laboratory tests, the samples were subjected to approximately one winter season of freeze-
thaw cycles. The result of the laboratory tests for panel numbers 7 and 4 indicated that the reduction 
in adhesive strength might be greater during the first cycles, since the number of AE events was 
greater in the first part of the test. However, the freeze-thaw cycles were relatively short compared to 
what occurs in a tunnel situation. If compared with panel number 5, which was subjected to one long 
freezing cycle, the constant distribution of AE events over the freezing cycles indicated that a process 
was occurring during the entire freezing test. For this long freezing cycle, the water was able to 
migrate towards the freezing zone during the entire test and thus the AE events were spread out over 
time. This resembles a tunnel situation much better than the shorter freeze-thaw cycles. For panel 
number 7, the decrease in AE events after just a few cycles might have been caused by the short 
duration of the freezing cycles. Although panel number 7 had access to free water, ice growth in the 
interface was restricted because the freezing part of the freeze-thaw cycle was too short to allow the 
water migration to reach the interface. Therefore, the AE events decreased after just a few cycles. 
Hence, the duration of the freezing temperature is of great importance as indicated by the varying 
distribution of the AE events over the freezing cycles in the various tests. If the freezing temperature 
durations were longer, it would have simulated a more realistic tunnel situation and had allowed 
water to migrate over a longer period. It would have been interesting to do the test with a very low 
freezing rate to examine whether water migration could cause higher ice pressure at the shotcrete-
rock interface. If the test had been carried out for more than one winter season, it could have revealed 
whether deterioration increases when samples are subjected to more freeze-thaw cycles. 

  CONCLUSIONS 
The conclusions from this study are:  

• The reduction of adhesive strength for the test samples was about 50% when subjected to 
freeze-thaw tests (see section “Adhesive strength”). These results indicate that access to water 
affects ice growth and ice pressure in the shotcrete-rock interface when it is exposed to 
freezing temperatures, which contributes to material deterioration. 

• The prepared areas of the interface that had access to water showed more AE activity than 
those with no access to water. 
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• Panel number 5, which was subjected to one long freezing cycle, showed a constant 
distribution of AE events over the freezing cycles, which indicates that a process was 
occurring during the entire freezing test. For this long freezing cycle, the water was able to 
migrate towards the freezing zone during the entire test and thus the AE events were spread 
out over time. This resembles a tunnel situation much better than the shorter freeze-thaw 
cycles.  

• A reduction in adhesive strength clearly occurs in the saturated samples subjected to freezing, 
but the methods used, AE monitoring and direct tensile tests, did not provide a common 
conclusion regarding the processes during the freeze-thaw tests. The AE indicated that 
fracturing took place around the boreholes with a surface treatment (wax crayon and 
geotextile) but the direct tensile tests did not show any significant difference among the holes 
with different and without surface treatment.   

• If there is good adhesion between rock and shotcrete, the degradation due to frost shattering 
should not be a problem. But maintenance reports reveal that areas of poor shotcrete adhesion 
can appear and propagate rather quickly when that area also has leakage problems. Therefore, 
it is recommended that the period between inspections should be modified to enable detection 
of problem areas.   
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Panels” Electronic Journal of Geotechnical Engineering, 2020 (25.01), 
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